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The Physical Chemistry of Haemolysis by Surface-active Agents 


By B. A. PETHICA 
Department of Pharmacology, The Medical School, Birmingham 
AND J. H. SCHULMAN 
Department of Colloid Science, University of Cambridge 


(Received 21 March 1952) 


A large number of compounds have the property of 
destroying the selective permeability of erythro- 
cytes, allowing the diffusion of haemoglobin into the 
external medium, accompanied by partial or com- 
plete dispersal of the stromata. Two principal 
groups of lysins can be distinguished kinetically. 
Enzymic or bacterial lysins haemolyse at a rate 
proportional to the lysin concentration, whereas 
surface-active compounds lyse at rates which are 
non-linear, frequently exponential, in relation to the 
lysin concentration (Bernheimer, 1947). It is the 
purpose of this contribution to suggest a subdivision 
of the surface-active group, distinguishing between 
haemolysis by non-ionic detergents and by long- 
chain ionic compounds. Previous publications 
have shown that a series of ionic detergents act in 
a parallel fashion both in penetrating an insoluble 
monolayer of cholesterol at the air-water interface, 
and in the haemolytic reaction (Schulman & 
Armstrong, 1949; Schulman & Rideal, 1937, 1939). 
Non-ionic lysins, such as the alcohols, do not 
penetrate cholesterol to any marked extent, and 
their haemolytic activity is not at present well 
understood. 

There is much evidence to show that red cells 
possess a partially lipid outer layer (Turner, 1946). 
Cholesterol occupies a special place in haemolysis, 
both as an inhibitor of several lysins (Schulman & 
Rideal, 1937; Ponder, 1944, 1945, 1946), and as an 
important stroma component (Parpart & Dzeimian, 
1940; Turner, 1946; Schmidt-Thomé, 1942). The 
study of the haemolytic reaction in terms of mono- 
layer processes involving cholesterol and other 
lipids therefore constitutes a useful approach to the 
understanding of haemolysis. 


DEFINITIONS 


It will be convenient here to define some of the terms used in 
this report. The surface pressure, 7, of a solution is defined as 
the lowering of the surface tension produced by a solute (or 
an insoluble film). With many surface-active compounds, 
increasing the concentration in solution decreases the 
surface tension up to the concentration at which molecular 
aggregates (micelles) are formed. Beyond this concentra- 
tion, denoted as the critical micellar concentration or 
micelle point, the surface tension remains effectively con- 
stant, since molecules are not available to accumulate at the 
interface and the micelles do not lower the surface tension on 
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their own. This is shown by curves of y plotted against log c, 
as in Fig. 3 for sodium dodecylsulphate. Insoluble mono- 
layers spread at phase interfaces may be compressed up to a 
minimum area per molecule, corresponding to the closest 
possible packing in the monolayer, usually corresponding to 
a two-dimensional crystal. Further compression causes the 
film to collapse with consequent three-dimensional crystal- 
lization and destruction of its monolayer structure. The 
surface pressure at this minimum area per molecule is the 
maximum pressure possible in the monolayer, and is termed 
the collapse pressure of the film. If a soluble detergent is 
introduced into the bulk phase beneath an insoluble mono- 
layer, several processes can occur. If no specific interaction 
takes place, the soluble detergent can remove (deterge) the 
insoluble film if the surface pressure of the soluble com- 
pound alone is greater than the collapse pressure of the in- 
soluble film. The same process can occur more readily if a 
specific interaction takes place in the surface between the 
soluble and insoluble components, when an increase in 
surface pressure is observed above that of the soluble com- 
pound alone, due to the penetration of the soluble molecules 
into the monolayer. If the interaction pressure is above the 
collapse pressure of the insoluble film, the molecules in the 
insoluble film are partially ejected from the interface leaving 
a mixed associated film of the reacting species, which is 
more stable than either of the components alone. It can 
thus be seen that if the plateau of the curve of surface 
pressure against concentration of a solute is at a pressure 
below the collapse pressure of an insoluble film, into which 
the solute molecules are unable to penetrate, no removal or 
detergence of the insoluble monolayer will take place, how- 
ever great the concentration of the solute in the underlying 
solution. On the other hand, removal takes place sharply if 
the surface pressure of the solute solution can be greater 
than the collapse pressure of the insoluble film. The haemo- 
lytic activity of a compound is taken as (H.1.)~! (see below). 
The haemolytic surface pressure (7) of a lysin is the reduc- 
tion in surface tension at the air-water interface produced 
by the lysin at the haemolytic-index concentration. 


MATERIALS AND EXPERIMENTAL 
METHODS 


The non-ionic lysins used were normal aliphatic alcohols 
(C,-C,) and two vacuum-fractionated polyethylene ethers 
of normal alcohols. These polymers were hepty] alcohol-11- 
ethylene oxide [CH,(CH,),:(CH,.CH,0),,.OH, abbreviated 
here to C,-11EO], and decyl alcohol-8-ethylene oxide 
[CH,(CH,),.(CH,.CH,O),.OH, abbreviated to C,,-8EO]. 
The purity of the polymers was judged by the magnitude of 
the minima in the surface tension/concentration curves of 
these two compounds. The C,,>-8 EO was almost pure, with 
a critical micelle concentration of 1,0 g./l. The C,-11EO 
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polymer was somewhat contaminated, with a distinct 
minimum as shown in Fig. 7. The butanol was a pure 
specimen, but the amyl and octyl alcohols were contami- 
nated with paraffins. All other materials used were pure. 
Sodium laurate concentrations are recorded in terms of 
lauric acid (g./l.), made up to the required pH. Saponin was 
a sample of ‘ pure white’ from Hopkin & Williams Ltd. 
Surface tensions were measured by the drop volume 
method (Harkins & Brown, 1919), using*a glass-tipped 
tuberculin syringe operated by a micrometer screw. Except 
with saponin and the unstable solutions mentioned in the 
text, no appreciable surface ageing was found. Repro- 
ducibility was within 0-5-1-0%. All solutions used here 


1/t(min.”) 





0 04 02 
ei Lauric acid or Cy, amine HCl (g./1.) 


Fig. 1. Graphs of concentration and reciprocal lysis time 
for A, C,,H,,;,COONa, pH 7, 37°; B, C,,H,,NH,.HCI, 
pH 7, 20°. 


were prepared in 0-85 % NaCl, buffered with 0-02 m-H,BO,, 
with borax added to pH 7-0 or as otherwise stated. 
Haemolysis was studied with thrice-washed human red 
cells (AB, Rh-positive) suspended in the above medium, the 
final pH of the suspensions being 6-5—7-0. Tests were made at 
20° or as stated, on suspensions of a final red-cell density of 
5% volume (about 5 x 10° cells/ml.). The haemolytic end 
point was observed directly by eye in tubes of fixed size, 
using a well defined black-on-white background for viewing 
(Ponder & Yeager, 1930). This method gives reproducible 
end points corresponding to complete lysis (no turbidity), 
and to 98 % lysis (background just visible), standards being 
prepared from cells lysed by freezing. Results were plotted 
as time/concentration (t/c) curves, and the haemolytic index 
(u.1.) of a compound was taken as that concentration pro- 
ducing complete lysis in 90 min. The u.1. does not represent 
the free lysin concentration, as some is bound by the cells. 
The index was chosen for a number of reasons. The t/c curves 
are steep in this region, and give closely reproducible c 
values for the index. The ¢/c curves are not always asymp- 
totic to a limiting c, as is shown by reciprocal plotting. In 
some cases the reciprocal plots curve off near the index 
(Fig. 1, curve B) indicative of a two-stage haemolytic 
process; the first an asymptotic surface process (linear 
t/(1/c) plot), and the second ill defined. Data given by 
Ponder (1948) on the effect of cell-suspension density on the 
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limiting concentration for lysis can be interpreted in terms 
of a simple adsorption process describable by a Langmuir 
isotherm, although Ponder adopts a more complicated 
explanation. 

Monolayer interactions were measured at 20° with the 
standard medium with a compensated Langmuir-Adam 
trough as previously described (Matalon & Schulman, 1949). 
The reactants were injected beneath cholesterol mono- 
layers at constant area. The trough was of silica, with a 
water surface of 300 sq.cm., and a volume of 280 ml. 


120 


100 


8 





02 04 06 08 
Lysin (g./I.) 


Fig. 2. The relations between concentration and haemo- 
lysis times for A, (Cj, ,H,;NMe,I, pH 7, 20°; 
B, CyH,,COONa, pH 7, 20°, concentration scale in 
g./l. of lauric acid; C, C,,H,,SO,Na, pH 7-5, 20°; D, 
C,.H.,SO,Na, pH 7, 20° (for 98% lysis). 


RESULTS 


The relation of haemolytic index and 
haemolytic surface pressure 


In Fig. 2 are given the time/concentration relations 
for lysis by dodecyltrimethylammonium iodide and 
sodium laurate, and in Fig. 3 the corresponding 
relations between y and log c. The laurate solutions 
in this medium are not stable for long periods at 20°, 
and the results are approximate only. The y/log¢ 
results for sodium dodecylsulphate (SDS) are also 
shown in Fig. 3. 

Lysis by SDS is complicated by haemoglobin pre- 
cipitation, which obscures the visible end point. 
Haemolysis in this system was studied with a photo- 
electric absorptiometer. At high concentrations of 
SDS, rapid lysis is followed by haemoglobin pre- 
cipitation. At the lowest concentrations haemolysis 
is very slow, and a value for the .1. of 3-1 x 10“ ™ 
(0-09 g./l.) is obtained. This value was confirmed by 
additional tests at pH 7-5 and 20°, where no haemo- 
globin precipitation occurs. These are shown 12 
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Fig. 2, and give an index of 3-45 x 10-4, an in- 
crease as expected from published data on the pH 
dependence of SDS lysis (Love, 1950). Haemolysis 
by sodium dodecylsulphonate is also complex, as 
the salt precipitates out at 4-7 x 10-4m. No haemo- 
globin precipitation was observed, but the time/ 
concentration curves for complete and 98 % lysis 
were unusually separated, the former falling above 
the precipitation point and the latter below. 


y (dynes/cm.) Curve B 


y (dynes/cm.) Curves A and C 
& uw 
So 





Log,. conen. (g./I.) 
Fig. 3. Surface tensions in 0-85% NaCl with borate buffer, 
pH 7, 20°, of A, C,,H,;NMe,I; B, C,,H,,COONa, concen- 
tration scale in g./l. of lauric acid; C, C,,H,,SO,Na. 


Ascribing this displacement to precipitation and 
noting that with all the other lysins studied the 
index varies up to 10 % between the two end points, 
the index for complete haemolysis by the sul- 
phonate is taken as 3-5 x 10-4m. The 98 % lysis time/ 
concentration curve for the sulphonate is given in 
Fig. 2. 


HAEMOLYSIS 
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The first three columns of Table 1 give a summary 
of the 7, and .1. values for all the ionic detergents. 
The value for sodium taurocholate is also included, 
as given elsewhere (Pethica & Schulman, 1952). 

No particular relation exists between surface 
pressure, molecular weight and lysis for the ionic 
detergents. 

The non-ionic detergents studied all lyse at 
higher surface pressures than the ionic compounds. 





06 m-BuOH 


05 = 10 Cw BEO(g./I.) 


Fig. 4. Haemolysis by butanol and decyl alcohol-8- 
ethylene oxide. A, butanol, pH 7, 20°; B, butanol, 
pH 9-6, 20°; C, butanol, pH 7, 37°; D, C,,-8 EO, pH 7, 20°. 


Fig. 4 gives the time/concentration relations for 
haemolysis by butanol and C,,-8EO. As the amyl 
and octyl alcohol concentrations were not accur- 
ately known, the data for these two lysins are re- 
corded in the table only, the haemolysis and surface 
tensions being correlated from the same stock 
solutions. 


Table 1. Haemolytic and surface characteristics of ionic and non-ionic detergents 


Mol. wt. 
C,,H,,SO,Na 288 
C,,H,,SO,Na 272 
C,,.H,;NH, HCl 222 
C,,H,,;COONa 222 
C,,H,,;NMe,I 355 
Sodium taurocholate 556 
BuOH 74 
0;H,,OH 88 
C,H,,0OH 130 
C,-11 EO 601 
C,,-8 EO 501 


* Micellar at the index concentration. 


¢ A ‘saturated’ solution slightly lytic, =36-0 dynes/cm. 


H.I. Ty (cot «) x 10-5 
3-12 x 10-*m 28-0 3-45 
3-5 x 10-4 —_— 2-29 
5-4 x 10-*m 27-2 0-70 
6-7 x 10-4*M 34-2 0-38 
14-1 x 10-*m 23-1 0-28 
360-0 x 10-*m 29-3* 0-079 
0-39M 34:3 — 
— 36-9 — 
— > 36-07 
0-037 M 39t — 
0-001 mM 40-8 — 


{ Non-micellar, see Fig. 5. 
12-2 
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In general, 7, rises with increasing molecular 
weight of the non-ionic lysins. A similar effect has 
been observed in the lysis of paramecia by similar 
compounds (Matalon, Molho-Lacroix & Cohen, 
1950). The low-molecular-weight alcohols will lyse 
at pressures of the order of 34 dynes. This general 
result is corroborated, with two exceptions, by 
Glassman (1950), with a large range of non-ionic 
detergents. The fact that non-ionic detergents lyse 
on attaining pressures of 34 dynes/cm. or above is 
interestingly confirmed by experiments on hae- 
molysis in mixed solutions of anionic and cationic 
detergents. Figs. 5 and 6 give the lytic activity and 
surface tensions of mixed solutions of dodecylamine 
hydrochloride and sodium taurocholate. At the 
concentrations used, taurocholate is completely 
non-lytic (Pethica & Schulman, 1952). The y/log c 


¥ (dynes/cm.) 





74 16 00 
Log, concn. of amine (g./I.) 


26 70 


Fig. 5. Surface tensions in 0-85% NaCl with borate buffer, 
pH 7, 20°, of A, C,,H,;NH,HCI alone; B, C,,H,;NH,HCl 
with 1:1 sodium taurocholate; C’, C,.H,,NH,HCI with 2:1 
sodium taurocholate. 


curves in Fig. 5 indicate the reversible formation of 
a soluble anion-cation complex with a sharp micelle 
point. This complex can be considered as a non-ionic 
detergent. The greatly enhanced lysis in the mixed 
solutions can be explained simply by the lowering 
of the surface tension. The zy values in the mixtures 
are : 34-6 dynes/cm. (equimolar mixture) ; 34-1 dynes/ 
em. (taurocholate 2:1). 

An exactly analogous effect was observed in 
mixtures of Cj, quaternary ammonium iodide and 
taurocholate. Lysis in the mixtures is strongly en- 
hanced, but correlation with the surface tension was 
not made. In a number of mixtures of SDS and C,, 
quaternary amine the surface pressure was raised 
to approximately 48 dynes/cm., and lysis was 
extremely rapid. A full analysis of this system was 
precluded by the slow precipitation of the complex. 
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The surface-tension lowering, however, is clearly 
responsible for the increased haemolysis. It is 
worthy of note here that the heats of mixing of 
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Amine (g./I.) 


Fig. 6. Haemolysis at pH 7, 20°, by A, C,.H,;NH,HCI alone; 
B, with added 1:1 sodium taurocholate; C, with added 
2:1 sodium taurocholate; D, with added 4:1 sodium 
taurocholate. 
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0 50 100 150 d 

C,-11EO (g./I.) a 

Fig. 7. Haemolytic and surface activity at pH 7, 20°, of s 
heptyl alcohol-11-ethylene oxide. A, lysis time/concen- (1 
tration; B, surface tension/concentration. . 

a 

dodecylamine hydrochloride solutions with SDS, re 
and taurocholate have been measured (Goddard & di 
Pethica, 1951). Zero heat was obtained with bi 
taurocholate, The heat of mixing dodecylamine ra 
hydrochloride with SDS (— AH = 8kg.cal. = 33-6 kJ) th 








Vol. 53 


is ascribed to precipitation of the complex. Pre- 
cipitation in the amine-taurocholate system is 
prevented both by hydration and the steric effect of 
the hydroxyl groups in the taurocholate molecule. 
Additional confirmation of the prime importance 
of the surface pressure in haemolysis by non-ionic 
detergents is provided by Fig. 7. The well defined 
surface-tension minimum in C,-11EO solutions 
corresponds with a sharp maximum in the haemo- 
lytic effect of the detergent. The fact that the lytic 
activity is not completely symmetrical with respect 
to the surface-tension minimum shows that other 
factors must also be considered (see Discussion). 


Monolayer penetration and haemolysis 


Previous reports have shown a parallelism 
between the rise of pressure obtained in cholesterol 
monolayer penetration, and haemolysis by a series 


Sodium taurocholate 
Cy,NH,HCI 





0 10 20 30 40 
1/\W mg- injected 
Fig. 8. Penetration of cholesterol at constant area. Iso- 


tonic saline substrate, pH 7, 20°. Dodecyl compounds and 
taurocholate. Initial 7=4 dynes/cm. 


of dodecyl compounds with various ionic head 
groups and saponin (Schulman & Armstrong, 1949; 
Schulman & Rideal, 1937, 1939). Ruyssen and co- 
workers have confirmed a similar parallelism with 
saponins in the penetration of mixed lecithin- 
cholesterol and pure cholesterol monolayers (Croes 
& Ruyssen, 1950; Ruyssen & Loos, 1946). Quanti- 
tative interpretation of the constant-area penetra- 
tion of cholesterol by saponin and cetyl sulphate is 
difficult, as equilibrium pressure increases are not 
attained quickly. The pressure increases obtained 
with the different lysins studied by Ruyssen & Loos 
(1946) tend to the same value after some time. A 
study of the characteristics of constant-area mono- 
layer penetration has been undertaken and will be 
reported in full elsewhere. In penetration by the 
dodecyl ionic detergents and taurocholate, equili- 
brium surface-pressure increases are attained 
rapidly, usually in 10 min. after the injection into 
the subphase. A series of penetrations were made 
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into cholesterol at constant area, and at an initial 
pressure of 4 dynes/em. The form of the pressure- 
concentration relation in penetration under these 
conditions is of a Langmuir isotherm. Fig. 8 shows 


CrnH2sSO.Na 


cot x=2:9x10° 
(H..)*=10* 


CiaH2sSO3Na 6) 


° CrnHo2sNH2HCl 


(H.,)"x10? 


g Ci1H»COONa 


() Cr2H2sNMesl 


Sodium taurocholate 


0 1 2 3 
10° cot a (m-mole/dyne/280 ml.) 





Fig. 9. The relation of haemolytic activity to penetration. 
5% red cell suspension. 
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Logi H.!. 


O/ CrHasNMesl 


ts) CiH»COOH 
& CrH2sNH,HCl 


ch CitHsSO;Na 
oy CrHrsSO.Na 





0 5 10 15 
Tanoe(dynes/m-mole/280 ml.) 


Fig. 10. The relation of haemolytic index 
to cholesterol penetration. 


the isotherms for the range of C,, compounds and 
taurocholate, plotted to illustrate the linear 
Langmuir relation 


a jae 
Aq Amm c : 


where An= 7 — 4, the pressure rise at ¢; At, = 7m — 4, 
the pressure rise at c= 00; K is a constant. 


(1) 
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Az», is sensibly constant (34-38) and corresponds 
to an increase of pressure up to the collapse pressure 
of cholesterol (38 dynes/cm.) which is not markedly 
affected by penetration with these compounds. In 
the table are given the reciprocal slopes of the 
Langmuir plots, 





An 





cot «=——" dynes/m-mole/280 ml. 
cot « is a measure of the free energy of penetration. 
The reactivity series is in the order: 
C,,H,,;SO; > —SO; > -NH{>-—COO > 
—NMe?f taurocholate. 

Previously, the amine was reported as heading 
the series (Schulman & Armstrong, 1949), a result 
now ascribed to long-chain impurities in the amine 
then used. In Fig. 9 the penetrating capacity 
(cot «) of these compounds is compared with the 
haemolytic activity. The relation is not linear, but 
quite regular. The empirical relation 


log (H.1.)=A+B tan a, (2) 


where A and B are constants, is obeyed well, and is - 


shown in Fig. 10. 

The significance of this series in terms of the 
stereochemistry of the head groups has been dis- 
cussed elsewhere (Schulman & Armstrong, 1949). 
The low activity of the laurate is ascribed to the 
repression of dissociation in the salt solution used 
(0-145). 


The effect of pH and temperature on 

lysis by non-ionic detergents 
The surface tension of butanol solutions is not 
affected by pH, and is lowered at increased temper- 
atures (20-37°). Allowing for the decrease in the 
surface tension of water at the higher temperature, 
the surface pressures of the alcohol solutions in- 
crease at 37° by a few tenths of a dyne over those at 
20° for the range studied. Fig. 4 gives the data for 
lysis by the alcohol under various conditions. The 
values of zy are 34-3 dynes/em., pH 7, 20°; 27-7 
dynes/cm., pH 7, 37°; 31-0 dynes/em., pH 9-6, 20°. 
Both increased temperature and pH decrease the 

stability of the red cell to alcohol lysis. 


Lysis by sodium laurate 
The table shows that sodium laurate at pH 7, 
20°, has a haemolytic surface pressure (7) of 
34-2 dynes/cm., and could therefore be regarded as 
belonging to the two groups of detergent lysins by 
virtue of its surface pressure and penetration 
effects. Experiments at 37°, where the soap solu- 


tions are completely stable, show that laurate lyses 
principally by penetration. zy is 24-9 dynes/cm. at 
pH 7, 37°, lower than the butanol value for the same 
conditions. At pH 9-6, 37°, a, for laurate decreases 
to 18-0 dynes/em. Suggestions have been made with 
reference to fat absorption from the intestine that 
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fatty acids and bile salts form soluble complexes 
(Verz4ér & Kuthy, 1929a,b). Experiments were 
accordingly made with equimolecular mixtures of 
taurocholate and laurate to observe possible 
phenomena of interest to haemolysis. Fig. 11 gives 
the surface-tension data, and Fig. 12 the lysis data 
for laurate and laurate-taurocholate mixtures at 
37°, pH 7-0 and 9-6. The enhancement of lysis by the 
addition of taurocholate is slight at both pH values. 
At pH 7 there is little evidence of complex forma- 
tion. At pH 9-6, the y/log c curves resemble Fig. 5. 


Y (dynes/cm.) 





10 15 00 05 
Log, lauric acid conen. (g./I.) 


Fig. 11. Surface tensions of sodium laurate and mixtures 
with equimolar sodium taurocholate in NaCl. ©, 
Laurate alone; /A\, equimolar mixtures of laurate and 
taurocholate. Upper two graphs, pH 9-6, 37°. Lower two 
graphs, pH 7, 37°. 


It is difficult to envisage a complex between these 
two anions, unless a dipole-ion interaction occurs, 
whereas the amine-taurocholate association shown 
in Fig. 5 is easily interpreted in terms of anion- 
cation interaction. It would seem that Verzar’s data 
on the solubilization of fatty acids by bile salts is to 
be explained by solubilization of the acids into the 
bile salt micelles at the high concentrations used. 
In Fig. 13 the relative increase of lytic activity 
(ratio of lysis times) on addition of taurocholate to 
laurate is compared for different concentrations. At 
pH 7 the maximum increase occurs exactly at the 
concentration at which the y/loge curves for 
laurate and the mixture cross. The surface pressure 
at that concentration is 29-0 dynes/em. which is 
1-3 dynes/em. above zg for butanol lysis under the 
same conditions. The enhanced lysis in the mixtures 
at concentrations below the maximum in Fig. 13 is 
ascribed to the joint effect of the reduced surface 
tension in the mixtures and cooperation in penetra- 
tion by the two detergents. Above the maximum, 
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the greater surface pressure of the pure laurate 
solutions commences to outweigh the enhanced 
penetration as a factor in haemolysis—taurocholate 
being a weak monolayer-penetrating agent—and 





0 04 02 03 04 
Lauric acid (g./I.) 


Fig. 12. Haemolysis by laurate and laurate-taurocholate 
mixtures in NaCl. ©, Laurate alone; A, equimolar 
mixtures. Upper two curves, pH 9-6, 37°. Lower two 
curves, pH 7, 37°. 





0 0-1 02 03 0-4 
Lauric acid (g./I.) 


Fig. 13. The enhancement by taurocholate of lysis by 
laurate at 37°. t/t,,=ratio of lysis times for laurate 
and the mixtures (see Fig. 11 for concentrations). 
A, pH 7-0; B, pH 9-6. 


the mixture becomes relatively less lytic as a con- 
sequence. At pH 9-6, the enhancement of lysis in- 
creases with concentration, over the range studied, 
as the co-operative penetration and increased 
surface pressures of the mixture act together. 
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Lysis in the region of the ‘mixed’ micelle point was 
too rapid for quantitative study. 


Lysis by saponin 

Saponins haemolyse at low surface pressures 
(Ruyssen, Croes & Ommeslack, 1947) but penetrate 
strongly into cholesterol monolayers to give high 
surface pressures (Schulman & Rideal, 1937). As 
pointed out above, equilibrium pressure increases 
are difficult to obtain in cholesterol penetration by 
saponin. In these experiments, no stable penetra- 
tion pressures were observed below 40 dynes, at 
which pressure the mixed film becomes a strong gel. 
Penetration with saponin differs from that by C,, 
ionic compounds (Fig. 8) in that the pressure in- 
creases proceed rather indefinitely, and that the 
liquid cholesterol monolayer eventually becomes 
viscous and then gelatinous. The pressure rises 
recorded can be greatly in excess of the collapse 
pressure of cholesterol, and a strong complex is 
obviously formed. The lytic and penetration 
activity of saponin have been compared approxi- 
mately from a Langmuir plot of the Az values 
below 40 dynes, 2—3 hr. after penetration. This gave 
cot «= 2-9 x 10° m-mole/dyne/280 ml., assuming a 
mol.wt. of 1250 (Ruyssen, 1950). The haemolytic 
index in the 5 % red-cell suspension is 10-‘m. These 
results are given in Fig. 9 as an extension to the 
graph, and show that the sequence is maintained. 
Equation 2 is not obeyed by saponin. 


DISCUSSION 


The data presented are interpreted as showing that 
haemolysis by a range of surface-active agents can 
be described in terms of two basic processes at the 
erythrocyte membrane surface. The selective 
permeability and osmotic properties of the cells 
appear to be the function of a component or com- 
plex that is either removed from the interface or 
broken down above a critical interfacial pressure 
corresponding to 34dynes/em. at the air-water 
interface. This critical pressure may be regarded as 
the ‘collapse surface pressure’ of the component or 
complex. The collapse is brought about either by a 
straight detergent effect, as with the non-ionic 
detergents studied, or by an increase in interfacial 
pressure due to the ion-dipole or ion-ion interaction 
in penetration by the long-chain ionic detergents. 
In the present state of our knowledge, the cell 
complex involved seems to be a cholesterol-lipo- 
protein association, unstable above 34 dynes/cm. 
Cholesterol itself has a collapse pressure of 38 dynes/ 
em. at the air-water interface. Further investiga- 
tion may show a similar lysis-penetration relation 
with ionic detergents in monolayer processes in- 
volving other red-cell surface components than 
cholesterol. It is unlikely that the same reactivity 
sequence for penetration will apply to monolayers of 
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phosphatidic lipids, as the phosphate groupings will 
repel the anionic detergents and attract the cationic. 
Nor would saponin penetration into phospholipins 
be of the correct order in the series, as it has been 
shown to penetrate lecithin films weakly (Schulman 
& Rideal, 1937). Certain analogies to lytic reactions 
have been observed in mixed cholesterol-lecithin 
films, in the effect of alkaline earth ions (Croes & 
Ruyssen, 1950). Obviously the elementary chole- 
sterol penetration process would be modified by 
the cholesterol being contained in a protein- 
phospholipin-cholesterol complex. Lysis can also 
be caused by lipolytic enzymes (Hughes, 1935). 
The protein-phospholipin-cholesterol structure can 
therefore be broken down both at the phospholipin 
and cholesterol centres by a suitable choice of 
haemolysin. Specific protein reagents would also 
produce a distinctive lysis. For the detergents dis- 
cussed in this report, the cholesterol is the most 
likely centre of reaction for ionic detergents and 
saponin. 

The collapse process is envisaged as occurring 
with non-ionic detergents when the detergent 
surface pressure exceeds the collapse surface 
pressure of the cholesterol complex in the cell 
surface, as with the removal of the monolayers at 
the air-water interface. Under these conditions, the 
free-energy gradient allows replacement of the 
complex by detergent, at a rate determined by the 
potential barrier at the surface, and the concentra- 
tion and stereochemistry of the detergent. When the 
free-energy gradient is established, the rate of entry 
of detergent molecules into the surface can be 
written on the basis of the simple collision theory as 


k=PZe-ElRT, 


where Z is the collision frequency at the surface, P 
the steric probability factor and E is the energy of 
the potential barrier. In general, & will increase as 
the negative free-energy (surface-pressure) gradient 
increases. P decreases with molecular weight, and 
since the haemolytic index is taken for an arbitrary 
constant time for haemolysis (90 min.), the free- 
energy gradient at the index concentration must 
therefore be greater for higher molecular weight 
detergents. This increase in 7, with increasing 
molecular weight is, in fact, generally found 
(Table 1). A further consideration is that for a 
given P and a given surface-pressure gradient, a 
poorly surface-active substance (i.e. one requiring 
a high concentration for a given surface pressure) 
will lyse more rapidly than a strongly surface- 
active detergent, as Z is smaller in the more dilute 
system. This is illustrated by the table in the lysis 
by C,-11E0 and C,,-8EO. Another illustration is 
given in Fig. 7. The asymmetry of the t/c curve with 
respect to the y/c curve gives two values for 7, One 
on each side of the surface-tension minimum. At 
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the lower concentration, 7, (90min. lysis) is 
39 dynes/cm., recorded in the table. At the higher 
concentration, where micelle formation has com- 
menced, zy, is 37:6 dynes. Thus the haemolysis 
proceeds at the same rate at two different concen- 
trations, the lower concentration acting with a 
greater surface pressure. In the case of lysis by 
penetrating detergents, lysis occurs when the inter- 
facial pressure is raised to the collapse value of 
34 dynes/em. The form of the lysis-penetration 
relation in Fig. 9 depends on a number of arbitrary 
choices, particularly the choice of cell suspension 
density. The haemolytic activity of saponin in- 
creases rapidly with decreasing cell density 
(Ruyssen et al. 1947). The haemolytic activity of a 
good lysin (acting at low concentrations) will be 
expected to increase more rapidly with decreasing 
cell density than that of a.poor lysin because of the 
adsorption of lysin by the stroma and released 
haemoglobin. Reduction of the cell suspension 
density, therefore, will give a penetration-haemo- 
lysis relation progressively nearer to a straight line 
than the relation in Fig. 9. 

Although the division between lysis by deter- 
gency and lysis by penetration follows the division 
of the lysins into non-ionic and ionic with the range 
of compounds studied in these experiments, over- 
lap may be expected in other compounds. Weak 
ionic penetrants may lyse by virtue of their lowering 
of surface tension. 


SUMMARY 


1. The haemolysis of red blood cells by a number 
of non-ionic, anionic and cationic reagents has been 
observed. The surface tensions of solutions of these 
reagents, and their penetration of cholesterol mono- 
layers, have been measured. 

2. Lysis appears to depend on the production of 
a lowering of interfacial tension corresponding to 
about 34 dynes/cm. at an air-water interface. This 
lowering is produced by non-ionic detergents at 
concentrations at which they give surface pressures 
greater than 34 dynes/cm., and by ionic detergents 
at concentrations at which they produce this 
pressure by penetration of a cholesterol monolayer. 
Mixtures of cationic and anionic detergents behave 
like non-ionic reagents. There is a lysis reactivity 
series with the ionic detergents analogous to their 
association with cholesterol monolayers. 

3. The findings are consistent with the view that 
haemolysis is due to the collapse of a cholesterol- 
phospholipin-lipoprotein complex, the cholesterol 
being the site of attack of saponin and ionic deter- 
gents. 

We gratefully acknowledge’ the gifts of the polyethylene 
oxides from Dr M. Cohen, and the very pure dodecylamine 
hydrochloride and sodium taurocholate from Dr E. 
Stenhagen. 
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p- 187, col. 1, line 2: for 0-2 mg. read 0-2¢. 
p. 189, Table 3, col. 8: for 10-58 + 0-24 read -—0-58+ 0-24 
p. 190, Fig. 4, Legend, line 1: for 0-1 mg. read 100mg. 
p. 192, Table 6, lines 19 and 20, for 0/10 and 0/10 read 10/10 and 10/10 
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Some Observations on the Absorption and Excretion 
of 4:6-Dinitro-o-cresol (DNOC) 


is »D DINITRO-0-CRESOL LEVELS IN THE.RAT AND THE 
RAB. FOLLOWING DIFFERENT METHODS OF ABSORPTION 


By E. KING anp D. G. HARVEY 
Department for Research in Industrial Medicine, Medical Research Council, 
M.R.C. Laboratories, Hampstead, and the London Hospital, E. 1 


(Received 17 May 1952) 


The widespread use of 4:6-dinitro-o-cresol* (DNOC) 
in Great Britain and elsewhere, and the fatal 
casualties caused by its use amongst agricultural 
workers have been fully reported by Bidstrup & 
Payne (1951). A great deal is known about its 
toxicity (Ambrose, 1942; Spencer, Rowe, Adams & 
Trish, 1948; Parker, Barnes & Denz, 1951), but no 
attention has been paid to the possible significance 
of blood DNOC levels resulting from natural 
methods of absorbing the substance. 

It appeared to us to be essential to rectify this 
omission for two main reasons. First, a study of 
blood DNOC levels would give some indication of 
the possible cumulative effect of DNOC. Secondly, 
a correlation of blood DNOC levels with early 
symptoms might be used in a ‘monitoring’ system to 
safeguard workers exposed to DNOC. Obviously it 
was essential to plan some trials on the absorption of 


* 3:5-Dinitro-o-cresol in the usage of the Chemical 
Society, 4:6-dinitro-o-cresol in the usage of the American 
Chemical Society or, systematically, 2-methyl-4:6-dinitro- 
phenol. 


DNOC by human volunteers but before these could 
be undertaken it was necessary to gain further 
information from animal experiments on the 
absorption of DNOC, the significance of the 
resulting blood levels and the effect of environ- 
mental temperatures. 

The results of the human trials have now been 
published (Harvey, Bidstrup & Bonnell, 1951). 
They have been correlated with environmental 
studies in the field (Bidstrup, Bonnell & Harvey, 
1952) and certain practical recommendations have 
been made (Harvey, 1952). 

The present communication reports the results of 
the first group of animal experiments, the detailed 
objects of which were to investigate: (a) the signifi- 
cance of blood DNOC levels following administra- 
tion of one or more daily doses of DNOC after its 
absorption through the alimentary canal, the lungs 
and through the skin of rats and of rabbits; (6) the 
effect of environmental temperatures on the blood 
DNOC levels, body temperature, respiratory rate 
and mortality of the rat and the rabbit. 








186 
EXPERIMENTAL METHODS 


The experiments described were carried out with the 
technical assistance of Miss Jean Peal and Mr K. E. Carling. 

DNOC. All samples were recrystallized from aqueous 
ethanol before use. Solutions of 0-1, 0-2, 0-5 and 2-0% (w/v) 
were made by dissolving crystalline DNOC in physiological 
(0-9%) saline containing the appropriate amount of NaOH 
or NaHCO . 


DNOC in 


Glass tank Water bulbs 


Cage (6 rats) 
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sprays, but the results appear unreliable as the rats were 
allowed to lick their bodies. 

Preliminary experiments indicated that it was difficult to 
produce from a solution or suspension of DNOC or of its 
salts an aerosol comparable to that formed during actual 
spraying operations. It was therefore decided to produce a 
sublimate of DNOC which would act as an aerosol. The 
apparatus used (Fig. 1) consists essentially of a large all- 
glass tank capable of holding a small cage for six rats. In the 







Rotameter 
(0-10 I./min.) 





cup 








Screw clip 
(flow regulator) 


1-3 |./min. 


Aerovap 


Fig. 1. Apparatus for producing DNOC aerosol. 


Animals. Albino and hooded rats, albino, Himalayan 
and chinchilla rabbits were used throughout. Groups of four 
to twelve animals were normally employed, except in a few 
experiments with single animals. There appeared to be some 
suggestion of species difference in behaviour towards DNOC. 
Rats were fed on unlimited quantities of rat diet 41, and 
water, with weekly supplements of butter and milk. 
Rabbits were fed on bran, oats, water and greens with 
regular supplements of cod-liver oil. 

Sampling. Rats were bled from the tail and rabbits from 
the ear into a weighed tube containing a known amount of 
heparin solution. In all cases samples of 0-1-0-5 g. were 
obtained. 

Method of analysis. The rapid and accurate method of 
Parker (1949) was used throughout the investigations. 
Colorimetric measurements were made on a Unicam D.G. 
spectrophotometer, a Spekker absorptiometer and a 
Gallenkamp Monocell absorptiometer. 


Methods of administration of DNOC 


Ingestion. Although Ambrose (1942) and Spencer et al. 
(1948) incorporated DNOC in the diets of their animals, it 
was felt that more satisfactory results would be obtained by 
giving DNOC by stomach tube. This would ensure that an 
exact amount entered the alimentary canal, thus eliminating 
the time factor taken up by feeding, and also the risk that 
unequal amounts might be ingested by the animals. Light 
ether anaesthesia was used when DNOC was administered. 

Inhalation. The only reference to the inhalation of DNOC 
appears to be that of the Experimental Station at Suffield, 
Alberta (1947), where rats were exposed to settling DNOC 


tank is a thermostatically controlled electric apparatus, 
known as an Aerovap (manufactured by Shepherd’s Aerosol 
Ltd.) which is capable of subliming DNOC at a steady rate. 
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Fig. 2. Photomicrograph of DNOC aerosol crystals. ‘The 
largest crystal in centre of field is approximately 15. in 
length. 


An air-flow of 11./min. was passed over the top of the 
Aerovap. The air-flow was measured by means of a Rota- 
meter, and governed by an adjustable leak in the usual way. 
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At a temperature of 130+2° DNOC sublimed from the 
Aerovap at the rate of 0-2 pfg./hr. Some attempt was made 
to carry out a size-frequency count on the particles of DNOC, 
but it was found that the hot wire of the Thermal Precipi- 
tator used for this assessment tended to fracture the crystals. 
The crystals of DNOC from the aerosol, which settled on a 
glass slide placed in the tank during 30 min. following cut-off 
of the air-flow, are illustrated in Fig. 2; the maximum length 
of the crystals is about 15. and there are many shorter 
than 3. A constant check on the concentration of air- 
borne DNOC was made in the following manner. The outflow 
of the tank was scrubbed by passing it into a long glass tube, 
50 x 5 cm., loosely packed with glass wool wetted with 5% 
(w/v) aqueous NaOH. The tube was well washed out with 
dilute alkali and the DNOC estimated in the usual way. An 
average 10 min. run under the conditions stated gave a 
mass concentration of 100 mg. DNOC/cu.m. 

Passage of the DNOC-laden air into 10-20 ml. of dilute 
aqueous NaOH, contained in an ordinary flask, was not 
adequate to remove all the DNOC. Thus it was necessary to 
use the more cumbersome but more efficient method of 
scrubbing when making routine checks of mass concentra- 
tion. 

The purity of the sublimate was checked by determining 
its melting point. This was identical with that obtained for 
pure DNOC. Addition of DNOC sublimate to pure DNOC 
did not cause a depression of the melting point. 

Skin application. Both Ambrose (1942) and Spencer et al. 
(1948) have given some information on the absorption 
through the skin of DNOC in aqueous solution and also in 
organic solvents; they have deduced lethal doses therefrom 
but have not determined blood DNOC levels. In the present 
investigation only rabbits were used, because it was found to 
be practically impossible to prevent rats from licking their 
bodies after skin application of DNOC. The rabbits were 
shaved in the thoracico-lumbar region of the back 24 hr. 
before application of DNOC to the skin. In the first series of 
experiments DNOC was applied as an aqueous solution of its 
sodium salt, either as 5ml. of a 1% solution covering 
100 sq.cm., or as 5 ml. of a 2% solution covering 50 sq.cm. 
In the second experiment 2% aqueous DNOC was sprayed 
evenly over a shaved area to give a concentration of 5 mg./g. 
body weight. 
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Intraperitoneal injection. This method was used in order to 
make comparison of results with those obtained from the 
natural methods of administration. 

Dose. The least dose administered was 1 mg./kg., but for 
the majority of experiments 5 mg./kg. was taken as a 
minimal dose. 


RESULTS 


These are set out in Tables 1—7 and in Figs. 3-8. 

The rate of absorption of DNOC from the ali- 
mentary canal of the rat is illustrated in Table 1. 
Analysis of the alimentary canal, its contents and 
the blood indicates that only 20% of a single large 
dose of DNOC can be recovered 1 hr. after adminis- 
tration, about 10% after 2 hr., and 5% after 7 hr. 
The quantity of DNOC retained in the large in- 
testine is small but remains fairly constant (5-26 yg., 
average 12-5yg.). Forty-eight hours after dosing 
there are still significant quantities of DNOC 
present in the large intestine, even though it has 
practically disappeared from the gut contents and 
from the blood of the animal. It has not been 
determined whether the DNOC in the large intestine 
identified at this late stage after administration is 
due to continued absorption from the gut or to 
excretion from the blood. 

The DNOC in the blood of rats and of rabbits 
appears to reach a maximum value 2-4 hr. after 
administration of a single dose by stomach tube 
(Table 2). In contrast, the blood DNOC levels 
following intraperitoneal injections increase more 
rapidly to reach maximum values which are usually 
a good deal higher than those resulting from 
identical doses administered by stomach tube. In 
general, 24 hr. after administration of single doses of 
DNOC in the range 5-50 mg./kg., the blood DNOC 
levels fall to about 5-25 yg./g. Doses of 1 mg./kg. 
give very low blood DNOC levels which remain low. 
Administration of DNOC by stomach tube to the 


Table 1. Absorption of DNOC following single dose of 30 mg./kg. given by stomach tube to albino rats 


(Rats bled and then killed immediately by ether; entire gut removed; contents well washed out; tissues and contents 


homogenized before analysis.) 





DNOC (yg.) 

Time cr ~ — Total DNOC 

after Contents of SS 
Dose dose Blood Small Large alimentary % of 
(mg.) (hr.) (ug-/g.) Stomach intestine intestine canal (mg.) dose 
4-14 1 34-0 110-0 13-0 11-0 660-0 0-79 19-2 
6-00 30-0 292-0 10-0 5-0 800-0 0-11 18-5 
4-62 2 60-5 55-0 16-3 20-0 450-0 0-54 11-7 
5-01 45-5 61-0 13-0 8-0 540-0 0-62 12-4 
4-65 4 36-5 22-0 13-0 7-0 92-0 0-13 2-9 
4-62 29-3 26-0 12-0 6-0 124-0 0-17 3-6 
4-89 7 57-2 33-0 13-0 26-0 114-0 0-18 3-8 
3-60 2-0 33-0 13-0 12-0 18-0 0-07 2-1 
4-86 24 22-5 5-0 11-0 Lost 8-0 > 0-02 >0-5 
3-90 25-0 6-0 11-0 17-0 6-0 0-04 1-0 
3°45 48 3-0 1-0 4-0 12-0 7-0 0-02 0-7 
3-66 2-8 1-0 3-0 14-0 7-0 0-02 0-7 








(ST, administration by stomach tube; IP, intraperitoneal injection. All animals survived dosage except two rats, 
20 and 100 mg./kg. For further information on 30 and 40 mg./kg. see Tables 1 and 8. Each experiment was on a single 
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Table 2. Blood DNOC levels in animals following single doses 


animal except for the 30 mg./kg. (two rats) and 40 mg./kg. (twelve rats); for the latter group mean+S.E. is given.) 


DNOC (xg-/g-) 


ES 











Dose Time after dose (hr.) 
(mg./ cr Siete eee et eck a 
kg.) Admin. 1 2 3 4 5 6 7 8 ll 12 24 27 
Rats 

1 Oral 2-5 = 3:3 _— 3-8 == — 2-9 — — 3-7 — 

5 ST 8-8 — 13-0 — 9-3 a -- — -- — 12-0 _— 
10 ST 48-0 — 16-0 — 26-0 -- --- = — — 25-0 — 
20 ST 46-0 — 17-0 — 48-0 — — — — _— _ _— 
30 ST 34-0 60-5 — 36-5 —- _: 57-2 — = _ 22-5 — 
30-0 45-5 — 29-3 _ -- 52-0 -= — — 25-0 — 

40 ST = 1003+ — 1005+ — 97-44 — — — —_— —_— — 
1-98 == 2-85 — 1-53 — — —. — — — 

50 ST -—— — 58-0 60-0 — 70-0 oo 92-0 —- 80-0 19-0 — 
100 ST — --- 85-0 88-0 _ _ = 
1 IP 4-7 —- 7-1 —_ 5-0 —_ — 4-9 — — — — 
5 IP 8-8 — 14-1 — 15-7 — -- 23-8 12-2 — _— 9-8 
10 IP 28-4 — 40-5 _ 33-7 -—— -- 34-7 30-6 _— —_ 15-1 
20 IP 101-0 — 97-0 _— 63-2 — a 64-6 43-5 —_ _— 25:8 

Rabbits 

5 Oral — 8-1 - 6-4 = 10-0 = 20-0 -- 4-6 7-4 — 
10 ST -= 24-0 - 44-0 — 20-0 — 18-0 — 5-5 4-0 —_— 
20 ST — 24-0 — 31-0 — 31-0 — 8-2 —- 18-8 2-5 -- 


rabbit results in a similar build-up of the blood 
DNOC levels over the first 4-6 hr., but the values 
obtained are much lower than those resulting in the 
rat from similar doses. Twenty-four hours later the 
blood DNOC values are reduced to 0-7 yg./g. 

When repeated daily doses of DNOC are ad- 
ministered to the rat by stomach tube or by intra- 
peritoneal injection they accumulate to a limited 
extent. This accumulation appears to take place in 
two stages. First, two daily doses of DNOC 
(5-20 mg./kg.) result in a blood DNOC level which 
is significantly higher than that resulting from a 
single daily dose. Secondly, continuation of the 
doses after the second day maintains the 2-day level 
at more or less constant values, although there may 
be some small but significant deviations. The in- 
creases in blood DNOC levels between days 2 and 3 
(D+2 and D+ 3) are rarely significant. The results 
of the experiments leading to these observations are 
given in Table 3. Only two groups of animals do not 
show asignificant increase in the blood DNOC levels 
from D+ 1 to D+2. They are the rabbits receiving 
25 mg./kg. by stomach tube, and the six albino rats 
receiving 5 mg./kg. by intraperitoneal injection. 

Of the seven groups of animals studied, only two 
have significant mean slopes from the third day 
onwards. These are the two groups of hooded rats 
given 5 and 10 mg./kg. by stomach tube. The slopes 
are positive and have mean values of about 1-3 yg./ 
g./day. They are small in comparison with the mean 


blood DNOC values on the second day which are 
10-0 and 24-0 yg./g. respectively. 

Although there are no other significant mean 
slopes some individual animals show significant 
positive and negative slopes. The values of these are 
usually very small and rarely exceed 1 yg./g./day. 

Individual slopes with significant negative values 
are found chiefly in three groups, namely the rats to 
which large doses (20 mg./kg.) have been given 
orally, and the two groups of rats given 5 and 
10 mg./kg. by intraperitoneal injections. 

A further effect of repeated daily doses of DNOCis 
shown by the weight curves on Table 4 and Fig. 3. 
Although ten daily doses of 5 mg./kg. do not appear 
to alter the growth rate of the animals, the same 
number of doses of 10 and 25 mg./kg. causes 
significant reductions in body weight. Restoration 
of growth appears quite rapidly after dosing has 
ceased. 

The inhalation experiments demonstrate (Fig. 4) 
that the rat is capable of absorbing DNOC through 
the lungs, and that prolonged inhalation of such an 
aerosol may kill the animal. 

In view of the report from Alberta (1947) a close 
watch was kept on the animals exposed to the 
aerosol. The rats were placed in the tank once a 
steady flow of the aerosol was established, that is 
about half an hour after switching on the Aerovap. 
During the first half hour of exposure the rats were 
moderately active, thereafter they became quies- 
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Table 3. Accumulation of DNOC in blood of animals 


(D+1, D +2, ete. represent 1 and 2 days after dosing on D day. Where the found value of t is equal to or greater than the 
theoretical 5% level it is in heavy type. Significant individual slopes and differences are also in heavy type. The numerical 
values of the slopes are equivalent to ng. DNOC/g. blood/day. The value ¢ in col. 6 is calculated on grouped values obtained 


on D+1 and D+2.) 
DNOC concentrations 








Dose in blood (yg./g.) Individual Mean slope 
Animal Wt. (daily) ——_#*U | slopes +s. of grou 
group 
+sex (g.-) (mg./kg.) +1 D+2 t D+3 onwards +S.E. Remarks 
Rabbit 1595 8 x 25. Oral 2-8 28 | +0-12+0-16 Because there is no 
F. 1406 by stomach 3-7 4-0 | —0-13+0-33 | significant increase 
1616 tube 10-0 8-4 ; + 0-09 + 0-37 ‘41..0.9, from D+1 to D+2 
1805 4-1 4 ;°* +0°7241-55 +081 L088 slopes calculated 
1605 2-7 3-6 +1:52+0-10 from D +2 onwards 
1400 6-4 5-2 +0-11+40-22} — 
Rats 175 8x20. Oral 480 57-0 —3-80-+41-47 | — 
(hooded) 165 as above 47-0 63-0 | — | Died D+3 
F. 184 520 580 |, _ bie ees eee 
175 37-0 475 (°% -0-7441-24{ ~ 1584088 
169 35-0 52-5 | —1-90+ 100 — 
163 41-0 50-0 +0-34+0-95 — 
Rats 232 8x10. Oral 10-0 23-0 + 0-46 + 0-71 | — 
(hooded) 252 as above 12-0 22-0 +1-3740-54 a 
M. 236 12-5 270 | aa. +2-70+1-41 aia _ 
196 o4 250 (7% 11-764314{ ~*+O82 os 
192 14-0 26-0 +0-8143-65 —= 
196 10-0 27-0 +1-40+0-17 — 
Rats 231 8x5. Oral 5-5 9-3 +1-41+0-50 — 
(hooded) 253 as above 6-9 12-5 +0-43+0-61 — 
M. 212 5:8 12-5 }7-61 +1-62+40-53 +1-37+40-24 — 
206 4:3 12-5 +1-60+ 0-48 — 
240 5:5 14-0 +1-80+0-60 — 
Rats 225 =14x 10. 17-2 25:0 | —0-4240-87 — 
(Albino) 145 Intraperi- 21-5 28-5 — 0-26 + 0-22 — 
M. 198 toneal 22-0 31:2 ‘5.99 — 0-67 + 0-28 a a 
(139 injection 27-0 48-5 -1174£0-42 0-3540-23 a 
F. 1143 33-5 47-5 —0-12+0-40 — 
(157 25-0 34:8 +0-55+0-31 sa 
Rats 104 14x 5. 14-2 25-0 —0-58+ 0-16 — 
(Albino) 154 Intraperi- 3-6 17-9 —0-36+0-18 x _ 
M. 186 toneal 21-8 16-6 : — 0-42+0-23 ie ss ap 
(117 injection 147 23-5 [212 +0-1840-32[  *0661+0-24 sm 
F. 115 13-6 13-2 —0-70+0-20 oe 
(147 20-8 = 32-5 1-60 0-43 io 


cent, eating very little food and drinking little water. 
During the progress of the experiment the fur 
became yellow, but the rats showed no inclination to 
lick off any DNOC from themselves or from their 
fellows. Rats were removed at intervals and blood 
samples taker. On killing the animals at the end of 
the first experiment the lungs and alimentary canal 
were analysed for DNOC and gave values as follows 
(ug./g.). Lungs (drained free from blood): 16, 20, 
31, 28. Alimentary canal and contents: 2-5, 3-1, 
2:8, 2-2. 

These figures suggest that most of the DNOC in 
the blood arises by inhalation of the aerosol since 
ingéstion of any contaminated food and water would 
have resulted in higher DNOC values for the 
alimentary tract (see Table 1). It is also unlikely 





that much DNOC had been absorbed through the 
skin since shaving of the hair after death revealed 
a white skin. 

Some observations were made on the physio- 
logical effect of DNOC aerosols on rats (Table 5). 
Continued exposure to a DNOC aerosol causes in- 
creases in the blood DNOC, the respiration rate and 
the body temperature. At the end of 5hr. the 
animals were removed from the aerosol and kept 
at room temperature. Twenty hours later four 
out of five blood DNOC values had decreased, 
but there was a general increase in the tempera- 
tures and respiration rates. This suggested that 
although the DNOC level had decreased there 
was some accumulation of its general metabolic 
effects. 
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Table 4. Effect of daily doses of DNOC on weight of rats 


(Six rats per group.) 
Mean wt.+8.E£. (g.) 
— 





- 
Saline 25 mg./kg. 
Dose (a) control 5 mg./kg. 10 mg./kg. b 
At commencement of exp. (D day) 155+1-82 160+ 1-59 154+2-26 156+ 1-64 
Immediately before first dose, D +7 162+2-06 163+2-05 161+3-16 163 + 2-63 
Difference, D and D+7 : +70 +3:0 +70 +70 
Immediately before penultimate dose, D +15 165+ 1-93 170+2-33 158 + 2-69 155 + 2-65 
Difference, D+7 and D+15 +30 +70 -3-0 -8-0 
At last day of experiment, D +29 173+3-1 177+2-55 165+ 2-65 177+6-24 
Difference, D and D +29 +18-0 +17-0 +11-0 +210 
t (D+7 and D+15) (+)1-19 (+)1-32 ( —)3-25 (d) (c) 


(a) All doses given by stomach tube. DNOC made up in 0-9% saline. Saline control started at same time as the other 
doses. 

(b) Two rats died on D +7 and one on D+8. The mean values are taken on the remaining three rats. 

(c) Since the sample size is only three, ¢ test not applied. 

(d) Significant. 
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Fig. 3. Effect of DNOC on weight of rats. Mean values of six rats per group. ---—-—-— , Control, 0-9% saline; —, 3 
DNOC, 5 mg./kg.; ------- , DNOC, 10 mg./kg.; ------ , DNOC, 25 mg./kg. (three rats died before dosing was 3 
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Fig. 4. Effect of DNOC aerosol on rats: blood DNOC values after exposure at 25° to concentration of 01 mg./cu.m. gl 
@—@, Four albino rats (not previously dosed); O----O, six hooded rats previqusly given sixteen daily doses at 
5 mg./kg. DNOC by intraperitoneal injection: dots and circles show values for individual rats; lines show mean m 


value. In 
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Table 5. Effect of DNOC aerosol on body temperature, respiration rate and blood levels of rats 


(The sign (+) or (—) indicates rise or fall over previous value.) 


Hr. Rat no. aie 1 2 3 5 
Placed in DNOC aerosol, 100 mg./cu.m. for 4 hr. at 28-30° 
0 Temp. (° F.) 96 95-5 95-5 98-5 101-5 
Resp. rate 200 200 170 240 26 
Blood DNOC (yg./g.) 0 0 0 0 0 
1 Temp. (° F.) 93-5 ( -) 92-5 (-) ee 98-5 (-) 97 (-) 
Resp. rate 190 (-) 200 200 (+) 240 200 (-) 
Blood DNOC (yg./g.) 6-0 (+) 4-0 (+) 6-0 (+) 21-0 (+) 50-0 (+) 
3 Temp. (° F.) 95 (+) 95 (+) 95 96 99 
Resp. rate 190 170 (-) 170 (-) 170 (-) 240 (+) 
Blood DNOC (yg./g.) 24-0 (+) 13-0 (+) 9-0 (+) 37-0 (+) 42-0 (-) 
+ Temp. (° F.) 99-5 (+) 97 (+) 95 96 99 
Resp. rate 210 (+) 180 (+) 150 (-) 200 (+ 240 
Blood DNOC (xg./g.) 35-0 (+) 21-0 (+) 16-0 (+) 44-0 (+) 64-0 (+) 
Removed and kept at room temperature overnight (20-22°) 
20 Temp. (° F.) 96 (+) 97 (+) 100 (+) 102 (+) 99 
Resp. rate 150 (-) 280 (+) 210 (+) 300 (+) 240 
Blood DNOC (yg./g.) 22-0 (-) 17-0 (-) 20-0 (+) 27-0 (-) 29-0 (-) 


All survived 


The initial experiments on the application of 
DNOC to the skin of rabbits indicated that heat 
might cause an increase in absorption of DNOC if 
increases in blood DNOC were to be taken as evi- 
dence of this. These results are set out in Figs. 5 
and 6. In order to check this point a larger experi- 
ment was carried out using two groups of rabbits 
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Fig. 5. Skin absorption of DNOC by albino rabbits. 
1% aqueous (w/v) DNOC (as Na salt) to give 1 mg./sq.cm. 
over 100 sq.cm. four rabbits: rabbit 1, x----- %s 
rabbit 2, @----- @; rabbit 3, O O; rabbit 4, 
g----mg. All put in hot room at 37-40° after second 
application at times shown. 





(Fig. 7) and Student’s ¢ test was applied to the 
grouped blood-DNOC slopes of those animals kept 
at 37-40 and 20-22°. In the first series of experi- 
ments albino and Himalayan rabbits were used and 
in the second chinchillas. 


The effect of heat on the general metabolism of 
animals dosed with DNOC is very marked (Parker 
et al. 1951). The results (Table 6) show that by 
doubling the dose of DNOC (from 20 to 40 mg./kg.) 
the mortality of rats at 37—40° is increased from 
6/12 to 12/12, whereas at the lower temperature 
(20—22°) the increase is only from 0/12 to 2/12. 
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Fig. 6. Skin absorption of DNOC by Himalayan rabbits. 
2% DNOC (w/v) (as Na salt) in 10% aqueous glycerol 
(w/v) to give concentration of 2 mg./sq.cm. over 50 sq.cm. 
Rabbit 5, x x , and rabbit 6, O—- —-——O, both put in 
hot room at 37-40° after second application. Rabbit 7, 
@----@, kept at room temperature, 20—22°. 





Although heat has this striking general metabolic 
effect it does not appear to alter the DNOC blood 
levels. Whether the dose is high, e.g. 40 mg./kg., or 
low, e.g. 5 mg./kg., the respective blood DNOC 
levels are unaltered by a rise in environmental 
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Fig. 7. Skin absorption of DNOC by twelve Chinchilla rabbits. 2% aqueous (w/v) DNOC (as Na salt) to give 2 mg./sq.cm. 
over 50sq.cm. Group A, O----- O (broken line mean value); group B, @——@ (continuous line mean value). 
Slopes from 8-0 to 12-O0hr. A: —2-05, +2-68, —1-50, —1-48, —1-65, -—3-08; B: —2-42, -—3-49, -—2-35, -1-19, 
— 2-26, —2-70. d(X,4 —Xg)=1-79, s.£. (d) =0-96 not significant. 





Table 6. Effect of temperature on mortality of rats given DNOC by stomach tube 





1 : D} 
No. of rats alive , 
7 ~ Mortality 
No. of Time after dosing (hr.) 
Dose Temperature rats — Ss Number % 
(mg./kg.) (°) used 2 4 6 8 24 
5 20-22 12 12 12 12 12 12 0/12 0 
37-40 12 12 12 12 12 12 0/12 0 
10 20-22 12 12 12 12 12 12 0/12 0 
37-40 12 12 12 12 12 12 0/12 0 
20 20-22 12 12 12 12 12 12 0/12 0 
37-40 12 12 12 11 6 6 6/12 50 
30 20-22 12 12 12 12 12 12 0/12 0 
37-40 12 12 10 4 2 2 10/12 83 
40 20-22 12 li 11 10 10 10 2/12 16 
37-40 12 10 A 0 0 0 12/12 100 
50 20-22 12 12 10 9 9 8 4/12 33 
37-40 12 6 1 0 0 0 12/12 100 
60 20-22 10 8 0 0 0 0 (0/10 100 
70 20-22 10 3 0 0 0 0 10/10 100 
temperature (see Table 7). Although thiscommuni- doses of DNOC appear to undergo limited accumu- 
cation deals essentially with the blood DNOC levels _ lation in the rat but insignificant accumulation in 
of animals given daily doses, a few experiments the rabbit. : 
have been included to show the effects of repeated Fig 
2 hr. doses at different levels on rats and rabbits . . : 
; : Absorption from the alimentary canal 
(Fig. 8; cf. Brit. med. J., 1951). After six 2 hr. doses . fi . 
of 20 mg./kg. both the rat and the rabbit died. The Although there is some evidence that negative : 
other animals survived. slopes may result from large oral doses given to the 
rat, those from smaller doses are positive, and their fro 
DISCUSSION mean is significant. It may be argued from this elu 
that there is a tendency to reach an intermediate oni 
Evidence is presented that DNOC can be absorbed _ and ‘stabilized’ blood level greater than those which 
very readily from the alimentary canal, through the are attained after eight small daily doses, but less jec 


lungs and through the skin, and that repeated daily 


than those resulting from the large doses. 
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Table 7. Effect of heat on blood DNOC levels of rats following one dose of 40 mg./kg. given by stomach tube 


(All levels in yg./g. Figures in brackets denote number of animals per group.) 


Group A. Kept at 20-22°. Twelve hooded rats. 
Weights 179-189 g. (mean wt. 183 g.) 


Time Living Immediately after death* 
sampled ae ee, 
(hr. after dose) Range Mean+s.£. Range Mean+s.£. 
2 90-0-110-0 100-3 + 1-98 97-0 — 
(11) (1) 
4 89-0-123-0 105-54 2-85 None — 
6 93-0-108-0 97-4+1-53 91-0 — 
(10) (1) 
Group B. Kept at 37-40°. Twelve hooded rats. 
Weights 174-195 g. (mean wt. 194 g.) 
2 83-2-111-0 93-9+4-31 69-4-113-0 93-5+9-65 
(8) (4) 
4 94-5-113-0 100-8+ 6-09 80-0-104-0 88-0+4-57 
(3) (5) 
6 None — 89-5-104-0 96-8+4-18 
(3) 


* Blood obtained within 5-10 min. of death. In many cases the heart was still fluttering although breathing had ceased 


and rigor had set in. 
t One blood sample lost. 


The two methods used for the administration of 
DNOC give different results. Absorption of DNOC 
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Fig. 8. Accumulation of DNOC in rat and rabbit following 
six 2 hr. doses of varying levels. Rats, O O: 
rabbits, @-—--@. Blood DNOC levels resulting from 
single doses of DNOC of same magnitude given at com- 
mencement of test: rat, A; rabbit, A. 





from the lumen of the alimentary canal must in- 
clude its passage through the canal wall before it can 
enter the hepatic portal system. 

DNOC placed in the peritoneal cavity by in- 
jection also passes into the hepatic portal system but 
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without the delaying barrier of the gut wall. This 
could account for the rapid appearance of the high 
blood DNOC levels to which reference has already 
been made. It is less easy to account for the negative 
slopes resulting from repeated intraperitoneal in- 
jections of DNOC. Some light may be shed on this 
aspect by an examination of the method used for the 
presentation of the results. Perusal of the daily 
blood DNOC levels of the individual animals indi- 
cated that they appeared to show very little 
regular variation from day to day. This led to the 
assumption that the calculations of the slopes of the 
blood DNOC values onwards from the second and 
third days following dosing might be expressed in 
a linear manner. This is probably justified in the 
present study. While it is conceivable that con- 
tinued oral doses of 5 and 10 mg./kg. might accumu- 
late at the rate of 1-3 yg./g./day until a higher level is 
reached, yet it is less conceivable that zero blood 
DNOC levels will result if the process of daily dosing 
is extended for periods far in excess of those 
recorded in the present investigations. The fact that 
the mean slopes of the three groups concerned are 
not significant suggests that extended slopes would 
be much flatter than the. significant individual 
values appear to suggest. 


Absorption through the lungs 


The results of the inhalation experiments suggest 
that this method of absorption is likely to be par- 
ticularly dangerous. Two general facts support this 
hypothesis. First, small particles or droplets con- 
taining DNOC which are less than, say, 0-5. will 

13 
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probably be carried directly in the inspired air to the 
lung surface. The DNOC will then be absorbed and 
rapidly and efficiently distributed throughout the 
body without the intermediate filter of the liver. In 
other words, it is likely that any given quantity of 
DNOC actually in the lung will be more rapidly 
absorbed and more efficiently distributed than an 
identical dose absorbed through the gut or through 
the skin. Secondly, the solubility of DNOC and its 
simpler derivatives in water will permit the ultimate 
absorption of the large particles which may fall on 
to any part of the mucosa of the respiratory or 
alimentary tract. Although DNOC itself is not very 
soluble in water (0-02%), the more widely used 
sodium and ammonium salts are much more soluble 
(about 7-5 and 0-9 % respectively) and are therefore 
more dangerous. 


Absorption through the skin 


The problem of assessing the significance of the 
blood DNOC levels following its absorption through 
the skin is complicated by many variable factors. 
These include species of animal, the nature of the 
substance absorbed and the environmental tem- 
perature. The latter appeared to be very important 
from the practical point of view. 

Pilot experiments on albino and Himalayan 
rabbits suggested that heat had a definite effect in 
increasing the blood DNOC level, probably by in- 
creasing skin absorption, and that the increase was 
sometimes delayed (Figs. 6 and 7). On a larger 
number of chinchilla rabbits a high environmental 
temperature did not appear to cause any increase in 
the blood DNOC values. In spite of the contra- 
dictory nature of the evidence in this respect three 
definite conclusions can be drawn from the experi- 
ments. First, DNOC can be absorbed through the 
skin of the rabbit. Secondly, repeated doses 
(within 6 hr.) cause an increase in the blood DNOC 
level. Thirdly, the skin can act as a reservoir for 
DNOC. This is illustrated by the fact that 48 hr. after 
application of DNOC to the skin of chinchillas the 
blood DNOC levels ranged from 2-4 to 7-9 yg./g. These 
levels are obviously significant even if they are small, 
particularly when it is considered that single large 
doses of DNOC administered by any of the other 
methods may be completely eliminated within 24 hr. 


Effect of heat and critical level of blood DNOC 


Increased environmental temperature has a 
marked effect on the metabolism of an animal 
poisoned with DNOC, but no effect on the blood 
DNOC levels, unless skin absorption is increased. It 
seems, therefore, that an increase in environmental 
temperature builds up the increased metabolic 
effect of DNOC, but does not initiate or stimulate 
any reactions affecting the linkage of DNOC to any 
intracellular or extracellular substances. 
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A further deduction that can be made from the 
experiments described is that the blood DNOC 
levels of the rat following any method of admin- 
istration and absorption are unlikely to exceed 
about 100 yg./g. Thus an intraperitoneal injection of 
20 mg./kg. (Table 2) will result in the rapid attain- 
ment of a level of 100yg./g. and this falls off to 
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about 60% of its value in 5 hr. (Table 2). On the | 


other hand, a single dose of 40 mg./kg. given by 
stomach tube results in the same level (100 yg./g.) 
which is maintained for at least 6 hr. The survivors 
and victims of this dose all have approximately the 
same blood DNOC levels whether they have been 
exposed to high (37-40°) or moderate (20—22°) 


temperatures. Prolonged exposure to an aerosol of | 
DNOC gives similar results, and blood DNOC levels | 
of those animals previously dosed with DNOC | 
appear to increase less rapidly once levels of | 


80-90 pg./g. are reached. The blood DNOC value of 
one animal reached an unusually high peak value of 
130 pg./g. Two main deductions may be drawn from 
these various observations. First, the blood of the 
rat is saturated with respect to DNOC when the 
blood level is about 100 + 10 ug./g. Secondly, that a 
level of 100 + 10 yg./g. is critical for the rat in so far 
that further absorption of DNOC, or exposure to an 
increased environmental temperature will result in 
severe symptoms or in the death of the animal. On 
the other hand, neither of these factors will cause 
any appreciable difference in this critical blood 
DNOC level. 


Comparison between man, the rat and the rabbit 


The experiments indicate that the rabbit has | 


more efficient mechanisms for eliminating DNOC 
than has the rat, hence it cannot readily accumulate 
daily doses of DNOC. The results of the trials on 
human volunteers (Harvey et al. 1951) show that 
man can accumulate doses of about 1 mg./kg./day 
and therefore indicate that man is much less 
efficient in dealing with DNOC than either the rat or 
the rabbit. 

On the other hand, the statement ‘DNOC is only 
cumulative when doses follow one another in rapid 
succession in periods of hours and not days’ (Brit. 
med. J. 1951) is misleading. For, although this can 


apply to the rat and the rabbit (cf. Fig. 8), it doesnot | 


apply to man. 

At least one interpretation of this statement is 
that a man handling DNOC would have to absorb 
several daily doses of DNOC before he could 
accumulate it; obviously this implies that he 
possesses more efficient mechanisms for eliminating 
DNOC than is suggested by the results of the human 
trials and the examination of actual DNOC casual- 
ties (King & Harvey, 1952, 1953). The difference 
in quantitative response towards DNOC as exhibited 
by the rat and the rabbit is further illustrated by 
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Fig. 8. Six identical 2 hr. doses cause the rat and the 
rabbit to build up DNOC concentrations at different 
rates; whereas the rat attains a maximum critical 
value of about 108 yg./g. before death, on 20 mg./kg. 
the rabbit does not exceed a level of more than 
67 pg./g. on the same dose. 

Further evidence of species difference in quanti- 
tative response towards DNOC will be published in 
other communications (King & Harvey, 1952, 1953). 

The practical outcome for the DNOC spray 
operator and worker would seem to be that the most 
dangerous paths of absorption of DNOC are through 
the lungs and through the alimentary canal. A less 
dangerous route is through the skin, but this can 
obviously act as a reservoir for a small but more 
continuous supply to the blood. Harvey eé al. (1951), 
Bidstrup et al. (1952) and Harvey (1952) have 
suggested that for man a blood DNOC level of 
20 pg./g. is dangerous in that toxic symptoms are 
then likely to occur. The animal experiments show 
that heat will enhance the toxic effect of any dose of 
DNOC but will not affect the blood DNOC level. 
Therefore, any blood DNOC level of a man working 
with DNOC that is accepted as an indication of 
early toxic symptoms should be treated with more 
care if the weather is hot than if it is cold. 


SUMMARY 


1. 4:6-Dinitro-o-cresol (DNOC) can be absorbed 
into the blood of rats and rabbits by ingestion, by 
inhalation and through the skin. 
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2. The rat can maintain significant blood DNOC 
levels following repeated daily doses of 5-20mg./kg. 
Definite accumulation of DNOC in the blood occurs 
with two daily doses, but thereafter repeated daily 
doses cause very slight increases or decreases which 
are of doubtful significance. 

3. An apparatus is described for producing a 
DNOC aerosol. 

4. Therabbit can absorb DNOC through the skin. 
Repetition of the application caused increases in 
blood DNOC levels. 

5. At levels of about 100 ug. DNOC/g. of blood 
rats may die either as a result of further doses of 
DNOC, or as the result of an increase in the environ- 
mental temperature. 

6. Increases in environmental temperatures 
cause the mortality of rats dosed with DNOC to 
increase, but they do not cause any significant 
changes in blood DNOC levels. 


The authors wish to thank Dr D. Hunter, Head of the 
Department, for suggestions and encouragement; Dr P. L. 
Bidstrup and Dr J. A. Bonnell, for helpful discussions; also 
Dr P. Armitage of the Statistical Research Unit, Medical 
Research Council; Dr M. W. Goldblatt and Staff, 
Imperial Chemical Industries Research Laboratories, for 
much helpful advice and criticism; Mr A. J. Hobbs and 
Miss Jean Sheffield for technical assistance, and Mr R. 
Preece of the Human Nutrition Unit, Medical Research 
Council, for the photomicrograph of DNOC aerosol crystals, 
and Mr H. Garling of the same unit for assistance with the 
preparation of the diagrams. 
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Harvey, Bidstrup & Bonnell (1951) have shown that 
4:6-dinitro-o-cresol (DNOC) accumulates in man as 
the result of small daily doses and have shown that 
DNOC is very slowly eliminated from the body. This 
observation has received support from the evidence 
of a clinical case of a seriously poisoned spray 
operator reported by Pollard & Filbee (1951). 

A preliminary account of the work reported in 
this paper was given at a meeting of the Biochemical 
Society (King & Harvey, 1952). 

In the first paper of this series (King & Harvey, 
1953) attention has been drawn to the marked 
species differences between man, the rat and the 
rabbit in their ability to accumulate DNOC. A 
study of the relative capacities for eliminating 
DNOC illustrates still further the quantitative 
differences in the response of these species towards 
DNOC. 

The present communication has three main 
objects. First, to record methods for comparing the 
capacity possessed by man, the rat and the rabbit 
for eliminating DNOC. Secondly, to investigate the 
urinary excretion of DNOC. Thirdly, to discuss the 
problem of DNOC storage in the body in the light 
of clinical observations (Pollard & Filbee, 1951; 
Steer, 1951) and experimental evidence (Parker, 
Barnes & Denz, 1951). 


EXPERIMENTAL METHODS 


The experiments described were carried out with the 
technical assistance of Miss Jean Peal and Mr K. E. Carling, 
and embody similar methods and techniques to those 
described by King & Harvey (1953). 

The capacity for eliminating DNOC from the body was 
studied by measuring the rate of decay of the concentration 
of DNOC in the blood following one or more doses at different 
levels. Blood DNOC estimations were made daily for man 
and the rat, but at more frequent (3-6 hr.) intervals for the 
rabbit. Groups of four to six hooded rats and Himalayan 
rabbits were used for each experiment. The excretion of 
urinary DNOC was also studied, but no attempt was made 
to identify or estimate any metabolites of DNOC (Smith, 
Smithies & Williams, 1952). 

Blood volumes of the human volunteers (Harvey et al. 
1951) were calculated by the method of Gibson & Evans 
(1937). 


RESULTS 


These are given in Figs. 1 and 2 and in Tables 1-4. 
Pollard & Filbee (1951) have suggested that the 
decay rate of DNOC from the blood of the spray 
operator may be exponential. This has now been 
verified and a value calculated for the slope. This is 
shown on Fig. 1, together with a histogram of his 
daily urinary DNOC excretion, and the scatter of 
the daily DNOC values of the human volunteers 
(Harvey et al. 1951) obtained during the post-dosing 
period. 

Regression lines expressing the decay in the 
blood DNOC values of man, rat and rabbit are shown 
in Fig. 2. The regression lines were computed from 
the data given in Table 1. In all cases the decay was 
exponential. Table 2 compares the urinary output of 
DNOC of man, the rat and the rabbit following a 
single dose of DNOC. 

Table 3 gives an analysis of the disposal of a single 
dose of DNOC in man as accountable and non- 
accountable fractions; less than 40% of a single 
dose of 75 mg. can be accounted for after 24 hr. 

In some early experiments Mr J. W. Roe, formerly 
of this department, obtained evidence to suggest 
that DNOC was bound to the plasma albumin. This 
was checked by adding about 10 yug./g. DNOC to 
human plasma and carrying out an electrophoretic 
separation. Analysis of the fractions indicated that 
more than 95 % of the added DNOC was located in 
the albumin fraction. 


Statistical treatment of results 


Analysis of variance of the times and blood levels 
of DNOC of the several groups of animals was 
carried out and the appropriate slopes and half- 
times calculated therefrom. An example of a 
typical analysis, namely, that of the six rabbits 
given a single dose of 30 mg./kg. by stomach tube, 
is given in Table 4. 

DISCUSSION 


The results of the experiments show that man has 
relatively inefficient mechanisms for dealing with 
DNOC. On the other hand, the rat and the rabbit 
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Fig. 1. Decay curve of blood DNOC of spray operator (@) (Pollard & Filbee, 1951), and scatter values of human 
volunteers (I) (Harvey et al. 1951). Spray operator’s 24 hr. urine DNOC shown as histogram. 


DNOC (yig./g. blood) (Log scale) 





O- Bi if 8 12 16 24 32 40 
Time (days) 
Fig. 2. Decay curves of blood DNOC of man, the rat and the rabbit. Continuous lines represent curves resulting from 
many doses, broken lines from a single dose. The curves are derived from the data given in Tables 1 and 4. 


appear to be capable of dealing with large doses very centrations have dropped to levels of about 5 yg./g. 
efficiently. Comparison of the‘values for the blood — or less the subsequent decay curve will be much 
DNOC levels of the volunteers A, B, C, D and E shallower and possibly less regular. This is illus- 
(Harvey et al. 1951) with those of the spray operator trated by the observation that on the 28th day after 
(Pollard & Filbee, 1951) indicates that there is a the last dose the average blood DNOC value of the 
good measure of agreement between the two groups volunteer subjects was 2-5 yg./g. whereas on the 
of values, and that a single exponential curve is 47th day it was 1-0yg./g. This slope is obviously 
applicable to a wide range of values. However, much shallower than that calculated for the higher 
there is a suggestion that once blood DNOC con- values, as shown in Fig. 1. This suggests that very 
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Table’l. Decaying blood DNOC values in man and in animals 
















Daily dose Time after Blood DNOC 
Species, of DNOC dosing (ug./g-) Half-time 
number and sex (mg./kg.) (br.) Mean +s.E. Slope (5) (hr.) 
Man (1) — — See Pollard & — 0-002 153-6 
Filbee, 1951 
Rat (F.) (4) 9 x 20 6-0 72-24 10-0) 
24-0 50-7+7°5 
48-0 23-7449 : on. 
72-0 17-1433 | ee = 
120-0 7141-5 | 
144-0 2040-5 | 
Rat (F.) (5) 1 x30 3-5 105-0+ 10-0 
24-0 64-6448 
46-5 32-5440 foe a 
72-0 19-3.42-7 ~ pans =e 
77-0 13-9417 
95-0 11-242:1 
Rabbit (F.) (6) 9 x 25 45 54-7466 ) 
75 44-4453 
10-5 31-:243-1 — 0-0448 6-7 
24-0 6-141-07 
48-0 0-7+0-2 
Rabbit (F.) (6) 1x30 6-0 49-5+43-4 
9-0 46-842-9 
12-0 30-9+42-4 . : 
25-0 T7413 “oer = 
31-0 4-2+1-0 
49-0 0-8+0°3 






Table 2. Urinary excretion of DNOC by animals 





Hours after dosing 











co =? 
5 24 48 72 96 Total as 
Dose ee a, _ % of 





- 
Species (mg.) (mg.) (% intake) (mg.) (% intake) (mg.) (mg.) (mg.) intake Average 
Urinary DNOC 







Rabbit 1 34-4 2-2 6-4 0-26 0-76 0-05 0-14 ai v7 
2 41-5 2-4 58 0-40 0-96 0-27 0-14 None UT | 
taken > 17 
3 41-2 2-0 48 0-37 0-90 0-16 0-07 a 63 | 
4 44-6 3-9 8-7 0-04 0-08 0-02 0-14 od 9-2 
Rat 1 575 —O* 0 0-010 0-17 0-04 0-025 0-022 1-6 
2 7-0 0 0 0-012 0-17 0-06 0-030 0-022 1-8 “a 
3 575 =O 0 0-010 0-17 0-05 0-025 0-015 1-7 
4 6-0 0 0 0-075 1-25 0-05 0-035 <_ 2-7 
Man (5) 75-0¢ 0-18 0-016 0-9 1-3 (t) (4) (t) aes 






* No urine voided during this period. 

+ Over 13 days from the first day of dosing these five volunteer subjects excreted about 7-0% of the total DNOC 
intake (500-700 mg.). 
t No values available. 








Table 3. Distribution of DNOC in man following single dose of 75 mg. DNOC 
Accountable DNOC 24 hr. after dose 


















> —A— .  DNOC which 
Blood In blood In urine cannot be 
Volunteer volume —_—_—_ | ———_—_— _ accounted for 
subject (ml.) (mg.) (% intake) (mg.) (% intake) % intake) 
A 5200 28-7 38-2 0:8 1-1 60-7 
B 5400 30-3 40-4 0-6 0-80 58-8 
Cc 5800 35-0 46-6 1-3 *1-7 51-7 
D 5600 26-4 35-2 0-6 0-80 64-0 
E 6000 26-7 35-5 1-5 2-00 62-5 
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Table 4. Analysis of variance of blood DNOC decay of six rabbits following single 30 mg./kg. dose 


Times of Rabbit 
sampling 
(hr.) 1 2 3 + 5 6 
4:5 47-0 58-2 59-0 40-0 83-0 31-0 
7-5 2-5 41-5 52-0 37-5 67-0 36-0 
10-5 23-5 37-5 34-0 23-0 41-5 27-5 
24-0 4-1 6-5 5-9 5-6 9-3 53 
48-0 0-4 0-5 0-4 0-6 1-2 1-3 
Variance 
Sum of Degrees of Mean of ratio 
Source of variation squares freedom square (F) ¥ 
Between times 16-545649 5 3-329130 98 < 0-001 
Departure from linearity 16-585030 1 16-585030 487 <0-001 
regression 
Linearity 0-060619 4 0-015155 0-44 > 0-05 
Within times (error) 1-022477 30 0-034082 — — 
Total 17-668126 35 — — _ 


Therefore the relation between the log conen. blood and time is linear. The slope } is — 0-0454, and the half-time is 6-6 hr. 


small quantities of DNOC may be tolerated by man 
and possibly by animals without causing any undue 
harm. Comparison of these two main sets of values 
can only be made on general terms, since the human 
volunteers were engaged upon their normal 
occupations involving some exercise and the spray 
operator was a bed-rest patient during the time of 
investigation of his blood DNOC levels. 

Harvey et al. (1951) have demonstrated that 
exercise, amongst other deviations from normal 
routine, will tend to alter the blood DNOC levels 
giving them false high values. Undoubtedly this is 
one cause of the scatter of the values of the human 
volunteers. The difference in the quantitative 
response towards DNOC exhibited by man, the rat 
and the rabbit is remarkable, and the decay curves 
of Fig. 2 fully illustrate this. An additional point of 
interest and possibly significance is that within 
wide limits repeated daily doses do not appear to 
affect the animals’ capacity for eliminating DNOC 
(Fig. 2). 

The general similarity of the decay of the two 
groups of blood DNOC values following dosing, 
ie. the spray operator on a large number of doses 
and the volunteer subjects on a limited number 
suggests that man probably behaves in a similar 
qualitative manner to the rat and the rabbit in that 
his detoxicating and excretory mechanisms are 
relatively unimpaired. 

Comparison of the three species with respect to 
the excretion of urinary DNOC shows that in the 
rabbit about 5-8% of the intake appears in the 
urine within the first 5 hr., and that thereafter the 
amount excreted is very small, possibly 1%, over 
several days. Smith et al. (1952) have drawn 


attention to the fact that only 20 % of a single dose 
of DNOC administered to a rabbit can be recovered 
as DNOC and its metabolites within 48 hr. of 
dosing, thereby suggesting that there is destruction 


of the molecule into small and not readily identifi- 
able components. The rat appears to occupy an 
intermediate position between man and rabbit 
and the percentage of DNOC excreted is of the same 
order per day as the amount excreted by man. This 
suggests that the degree of detoxication must be 
greater in the rat since the blood DNOC curves are 
so very different. Examination of the urinary DNOC 
values of the spray operator shows that there is a 
possible trend towards an exponential decay which 
would appear to be a little steeper than the blood 
decay curve. The fact that there are several values 
which appear to fall very far off the apparent curve 
suggests that further observations will be necessary 
before the nature and slope of the urinary decay 
curve can be firmly established. 

The accumulation of DNOC in man could be 
explained in two ways: first, that detoxication and 
excretion are very slow; or secondly, that there is 
some store of DNOC in the body. The value of the 
decay curve of DNOC for man lends support to 
the hypothesis that detoxication and excretion are 
inefficient and slow. The evidence that the rat does 
not readily store DNOC has been supported by the 
work of Parker et al. (1951), who have shown that the 
tissues of rats which have been given repeated 
doses of DNOC do not contain significant quantities 
of the substance. That man behaves in a similar 
manner is shown by the observations of Steer (1951), 
who demonstrated that the tissues of a fatal case of 
DNOC poisoning contained no more than 5 pg./g. of 
DNOC and many 1 yg. or less. It is possible that 
both these values can be accounted for by the 
presence of DNOC in the residual blood of the 
tissues. Thus it seems that any internal store of 
DNOC will be temporary and not permanent to any 
degree. Another curious observation relevant to the 
problem of storage is that the necropsy findings 
reported by Steer, showed that 24 hr. after death the 
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synovial fluid contained 44 yg./g. of DNOC. Further, 
the spray operator reported by Pollard & Filbee 
(1951) had a value of about 0-9 ng. DNOC/ml. of 
cerebrospinal fluid. Preliminary investigations 
suggest that once DNOC has entered the blood it is 
attached to the albumin fraction. It seems very 
likely, therefore, that the chief internal stores of 
DNOC in the body are the extracellular fluids con- 
taining albumin. Examination of the accountable 
and non-accountable DNOC in the body 24 hr. after 
dosing shows that only about 40 % can be accounted 
for in the blood and in the urine. There remains 60 %, 
which must include DNOC and its metabolites. The 
bulk of these are probably held by the albumin of 
the cther extracellular fluids. 

Kegarding other stores of DNOC, attention must 
be drawn to the skin and to the hair. Men working 
with DNOC have heavily stained skins, particularly 
on the palmar and plantar surfaces and many have 
bright yellow hair. It is relatively easy to account 
for the staining of the skin but less easy to account 
for that of the hair; this may be due partly to ex- 
cretion and partly to external contamination. The 
experiments of Harvey et al. (1952) and King & 
Harvey (1953) suggest that although the skin may 
form a permanent reservoir for DNOC it is unlikely 
that a dose large enough to give fatal results will 
penetrate. It seems beyond doubt, therefore, that 
although the keratins of the external epidermal 
tissues may prove to be ‘binders’ of DNOC, the 
internal albumins are of much greater practical and 
physiological significance. 
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The marked quantitative response towards DNOC 
exhibited by the three species studied in the two 
communications of this series emphasizes the need 
for careful and accurate interpretation of results 
obtained on experimental animals when it is the 
ultimate object to apply them to man (cf. Brit. med. 
J. 1951). 

The slow excretion of DNOC by man emphasizes 
the need for the institution and maintenance of 
adequate protective measures in order that 
exposure to, and absorption of, DNOC will be 
reduced to a safe minimum (King & Harvey, 1953). 


SUMMARY 


1. The blood 4:6-dinitro-o-cresol (DNOC) decay 
curves have been studied in man, the rat and the 
rabbit. 

2. The ability to eliminate DNOC appears to be 
in the order rabbit > rat > man. 

3. The storage of DNOC is discussed, and it is 
suggested that the extracellular fluids are the 
principal internal stores of DNOC because albumin 
links with DNOC. 
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Dr J. A. L. Bonnell for valuable discussions; Dr W. L. M. 
Perry for statistica] advice; Dr C. Steer, Dr R. V. Young and 
Dr M. Long for post-mortem samples; Dr R. A. Kekwick for 
carrying out an electrophoretic separation of plasma and 
Miss A. Mackrill for assistance with the experimental 
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The Identification of Coumarins and Related Compounds by 
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The need for a method of identifying small amounts 
of coumarins and related blue-fluorescing com- 
pounds became evident during the course of an 
investigation on the naturally occurring poly- 
phenolic compounds involved in enzymic browning 
by potato polyphenolase. Previous workers (Lewis 
& Doty, 1948: Bowman & Hanning, 1951) have 


reported that ethanolic extracts of the potato tuber 
have an intense blue fluorescence, and this has been 
borne out by investigations carried out in this 
laboratory (Baruah & Swain, unpublished observa- 
tions). Furthermore, scgpoletin has been isolated 
from potato tubers taken from plants infected with 
leaf roll virus (Andreae, 1948), and has been shown 
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to be metabolized by both healthy and diseased 
plants (Andreae & Andreae, 1949). Since the closely 
related compound, aesculetin, was found to be acted 
upon by the polyphenolase isolated from Atropa 
belladonna (James, Roberts, Beevers & Kock, 
1948), it seems probable that coumarins may be 
included among the compounds involved in en- 
zymic browning. 

Casparis & Manella (1943a@) made an extensive 
study of the qualitative tests for a number of 
natural coumarin derivatives occuring in drugs, 
and recently, Goodwin & Kavanagh (1949, 1950) 
have shown that the pH/fluorescence curves of a 
large number of natural and synthetic coumarins 
are sufficiently distinctive to permit positive 
identification. Casparis & Manella (19436) showed, 
however, that the tests they had devised were also 
given by a number of polyphenolic substances such 
as the tannins, and that it was necessary to separate 
the coumarins by vacuum sublimation prior to 
examination. Thus, while these methods are most 
probably unequivocal when coumarin derivatives 
can be isolated in a pure state, the presence of other 
compounds in natural extracts has to be avoided 
and a method of separating these compotthds would 
be of value. It is likely, also, that the coumarins are 
present in natural sources as mixtures. Goodwin & 
Kavanagh (1949) obtained two coumarin-like 
fractions, besides scopoletin, from Avena sativa, and 
in many cases both the coumarin derivative and its 
corresponding glycoside have been isolated from the 
same plant. 

The method of paper chromatography has been 
employed successfully for the separation and 
identification of the nearly related flavones and 
their glycosides (Bate-Smith, 1949; Lindstedt, 
1950; Roberts & Wood, 195la; Gage, Douglass & 
Wender, 1951) and the catechins (Bradfield & Bate- 
Smith, 1950) as well as for the simple phenols 
(Bate-Smith, 1949; Bray, Thorpe & White, 1950, 
etc.) and it appeared likely that the coumarins 
could be separated and possibly identified in this 
way. Bowman & Hanning (1951) have’ reported 
that the fluorescent compound they obtained from 
potato tubers migrated in the solvent systems used 
by Dent, Stepka & Steward (1947), and Gage et al. 
(1951) have reported the R, values for aesculetin in 
several different solvent systems. 

The R, values of a number of natural coumarins 
and nearly related cinnamic acid derivatives in 
various solvent systems have been determined, and 
the visible and fluorescent colours produced by 
several chromogenic sprays when applied to the 
developed chromatogram have been ascertained. It 
is suggested that the results obtained will provide 
a means of identifying coumarins occurring in 
extracts from natural sources. 

Over fifty solvent systems have been examined, 
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but only those giving consistent and useful results 
are presented here. The use of single-phase solvent 
systems (Bentley & Whitehead, 1950; Kirby, 
Knowles & White, 1951; Gage et al. 1951) including 
water alone (Roberts & Wood, 19516) has confirmed 
the fact that good separations may be obtained. In 
some cases, the aqueous layer of two-phase systems 
has been shown to give as good separations as the 
organic layer, and since the order is substantially 
different, these may be of use with other types of 
compounds. The results obtained with substances 
containing an ortho dihydroxy grouping on filter 
paper treated with sodium borate, and with those 
containing a carboxylic acid group on paper treated 
with sodium phosphate, bear out the results of 
Wachmeister (1951). The effect of the borate- 
buffered paper is especially striking and affords an 
easy method of demonstrating the presence of 
eatechol-like groups. 


EXPERIMENTAL 


Materials. Most of the pure coumarins were kindly 
donated by Prof. R. H. Goodwin, Connecticut College, New 
London, Conn., U.S.A. These are marked in Table 1 with an 
asterisk. Scopoletin was obtained from Dr R. Best, Waite 
Agricultural Institute, Adelaide, South Australia. Caffeic 
and chlorogenic acid from Mr A. H. Williams, Long Ashton 
Research Station, Bristol. Aesculetin was prepared by 
hydrolysing aesculin, and the other coumarins are available 
commercially. Ferulic acid was prepared by a Doebner re- 
action from vanillin and malonic acid and had m.p. (uncorr.) 
167-168° (Kurien, Pandya & Surange (1934) gave m.p. 
168-169°). (Found: C, 62-0; H, 5-2. Cale. for C,,H,,0,: 
C, 61-9; H, 5-2%.) p-Coumaric acid was likewise prepared 
from p-hydroxybenzaldehyde and malonicacid and had m.p. 
(uncorr.) 212—-213°. (Kurien eé¢ al. (1934) gave m.p. 207°.) 
(Found: C, 65-8; H, 4-9. Calc. for C,H,O,: C, 65-9; H, 
4-9%,.) All compounds were recrystallized, where neces- 
sary, until they were chromatographically pure. Since only 
small amounts of most of the natural coumarins were 
available, and their fluorescence differs widely (Goodwin & 
Kavanagh, 1950) solutions were made up, in ethanol, at the 
minimum concentration required to enable them to be 
readily detected on the developed chromatogram. 

Apparatus. The apparatus used for determining the R, 
values was, in general, the same as described by Consden, 
Gordon & Martin (1944). The cabinet and trough were of all- 
glass construction and the lid of the cabinet had a small hole 
fitted with a bung so that the solvent could be introduced 
with the least disturbance into the trough after equilibra- 
tion (Jermyn & Isherwood, 1949). 

Paper. Whatman no. | filter paper has been used 
throughout, and the sheets were all taken from one batch 
and run in the same fibre direction (Bate-Smith & Westall, 
1950). The buffered papers (Wachmeister, 1951) were pre- 
pared by soaking batches of twenty-five sheets (size 
18-5 x 12 in.) in 0-1 M-Na,HPO, or 0-1 M-NaBO, solutions for 
30 min. in a specially constructed rectangular Perspex 
Biichner funnel. The excess buffer solution was removed by 
suction and the papers allowed to dry overnight in a current 
of air. Other methods of preparing buffered paper led to 
uneven deposition or to difficulty of handling. 
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Solvents (all proportions are v/v). All the solvents used 
were of the purest quality obtainable. In the case of two- 
phase systems the organic layer was used unless otherwise 
stated. In view of the findings of Lugg & Overell (1948) on 
the rate of esterification of alcohol-acid mixtures, n-butanol- 
acetic acid-water (4:1:5), amyl alcohol-acetic acid-water 
(4:1:5), and benzyl alcohol-acetic acid-water (4:1:5) were 
used after 12 hr. equilibration in the constant temperature 
room. 

Procedure. The procedure described by Bate-Smith & 
Westall (1950) was found to be satisfactory in giving 
reproducible R, values. The temperature used was 21 +0-5°. 
Phloroglucinol was used as a control substance and run on 
every chromatogram. The times for development of the 
chromatogram for each solvent are given in the results, and 
varied from 3 to 24 hr. The forward boundary of the solvent 
front was located after drying by viewing in ultraviolet light. 

Developing reagents. The position of the spots on the dried 
paper chromatogram could be revealed in almost all cases by 
their fluorescence in ultraviolet light. In cases where the 
fluorescence was relatively weak it could be intensified by 
exposure of the paper to ammonia vapour, or by spraying 
the paper, prior to examination, with 2N-NaOH. In the 
case of coumarin itself the latter method was, in fact, always 
necessary. The use of chromogenic reagents to reveal the 
position of the compounds was found to be, in general, less 
sensitive than fluorescence. The following sprays were 
examined. 

Diazotized p-nitroaniline. (a) p-Nitroaniline, 0-5% in 
2n-HCl (5 ml.), and NaNO, (5% w/v) (0-5 ml.) were mixed 
before spraying and sodium acetate solution (20% w/v) 
(15 ml.) added; (b) Na,CO, (20% w/v). The two were used 
successively, the colour reactions with each being noted. 

Bisdiazotized benzidine. (a) This was prepared according 
to Linstedt (1950). After noting the colour reaction the 
chromatogram was oversprayed with (b) Na,CO, (20% w/v). 

Silver nitrate. This was modified from the directions 
given by Trevelyan, Procter & Harrison (1950). (a) The 
acetone solution of AgNO, was prepared according to the 
above authorsand sprayed directly on to the paper followed 
by (6) a mixture of 2n-NaOH (5 ml.) and ethanol (15 ml.). 
The chromatogram was left for 10 min. and the excess 
silver oxide removed by spraying it with (c) glacial acetic 
acid. 

RESULTS 
The R, values of the various coumarins (Table 1) 
and the related cinnamic acid derivatives in those 
solvent systems which proved most useful are given 
in Table 2. These represent the mean of several 
determinations under the carefully controlled con- 
ditions described above. The R, values of the sub- 
stances on unequilibrated paper at normal labor- 
atory temperature (18°) usually differed from these 
by as muchas + 0-04, but the order of separation was 


substantially the same. 

It was found that solvent systems containing light 
petroleum, benzene or chloroform (Bray et al. 1950; 
Lindstedt, 1950) or butyl ether (Stone & Blundell, 
1951) gave excessive tailing, and the results are not 
presented here. 

In most cases well-defined round spots were ob- 
tained, especially with the solvent systems con- 
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taining acids. Butanol-water gave slightly elliptical 
spots and some tailing with the compounds having 
o-dihydroxy groups and with acids. Ethyl acetate- 
water gave noticeably elongated spots and more 
extensive tailing than butanol. The single-phase 
systems also tended to give tailing, especially with 
the more complex coumarins and those containing 
methoxyl groups. The times taken for the solvent 
front to travel about 35 cm. are shown (Table 2) for 
all the solvents used. 

The visible and fluorescent colours given by the 
substances when the developed chromatogram is 
treated with the chromogenic sprays are shown in 
Table 3. All the compounds are revealed by 
examination of the chromatogram in ultraviolet 
light either with ammonia vapour or after lightly 
spraying the paper with 2N-sodium hydroxide. 


DISCUSSION 


The results presented in Table 2 show that the 
method of paper chromatography can be used for 
separating and identifying a large number of 
coumarins and related compounds from natural 
sources. The most useful solvents for a preliminary 
examination of plant extracts are n-butanol-acetic 
acid-water and amyl alcohol-acetic acid-water 
since the glycosides and aglycones which would 
probably be present are well separated in these 
systems (cf. Bate-Smith & Westall, 1950; Forsyth, 
1949). The behaviour of the various types of com- 
pounds studied shows regularities between R, 
value and structure which are probably character- 
istic and applicable to related phenols. 

A comparison of the R, values of the compounds 
in both n-butanol-water and ethyl acetate-water 
systems on paper and on paper impregnated with 
phosphate or borate buffers affords, as shown by 
Wachmeister (1951), a simple method for the 
detection of acidic compounds and those containing 
two adjacent hydroxyl groupings. The lowering of 
the R, values of scopoletin and ferulic acid (which 
have hydroxyl and methoxyl groups adjacent) on 
borate paper as compared with phosphate indicates 
that complex formation takes place with this 
grouping also although to a less extent than with the 
non-methylated derivative. The effect of borate- 
impregnated paper on the glucosides skimmin and 
aesculin may be due to the chelation of the glucose 
residue with borate as has been previously observed 
(Wachmeister, 1951). 

The effect of the ethyl acetate-2N-ammonia 
system on the movement of the coumarins is also 
significant. All compounds having a free phenolic 
hydroxyl, except ostruthin in which the group is 
sterically hindered, have very low R, values. A 
similar effect is shown to a less extent by n-propanol- 
concentrated ammonia. In ethyl acetate-2N- 
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hydrochloric acid, on the other hand, the R, values 
of compounds of this type are not noticeably 
altered from those obtained in ethyl acetate-water, 
but the acids have a greatly increased value due to 
suppression of ionization. The very low R, values 
obtained for the glucosides in ethyl acetate systems 
may be diagnostic since flavone glycosides behave 
similarly (Nordstrém & Swain, unpublished). 

The degree of separation of the more complex 
coumarins and the methoxycoumarins in the 
commonly used solvents is slight, but the use of 
single phase systems containing large amounts of 
water (cf. Bentley & Whitehead, 1950; Kirby, 
Knowles & White, 1951) or the aqueous phase of 
two-phase systems has proved useful. The use of 
water alone as a solvent is successful in separating 
the aromatic amino-acids (Synge & Tiselius, 1949) 
and the polyphenols in tea leaves (Roberts & Wood, 
19516). The behaviour of the coumarin aglycones is 
notably different from that reported for the 
flavonols by the latter authors, who observed that 
these compounds had no movement in this system. 
The glycosides have a higher R, value than the 
aglycones in all the aqueous systems used, but de- 
creasing the amount of water tends to reverse this 
as shown by comparing the R, values in the two 
isopropanol-water solvents. The behaviour of the 
compounds in water alone also affords support to 
the theoretical considerations put forward by 
Consden, Gordon & Martin (1944) on the relation- 
ship between the partition coefficient and R, value. 
It has been pointed out to the author by Dr S. M. 
Partridge that if the ratio of A,/A, in the equation 


1 
a=A,/Ag, (-- 1) 

lies between 3 and 5, as found by Consden et al. 
(1944), and the partition coefficient, «, is taken as 1, 
then the R, value should lie between 0-75 and 0-83. 
The results obtained indicate that in no case is the 
R, value significantly higher than this. Although, 
as suggested by Hanes & Isherwood (1949), it is 
possible that the water imbibed on the cellulose and 
the water in the mobile phase are structurally 
different, it would seem likely that the separations 
achieved using water as a solvent are due to factors 
other than liquid partition. 

Although the fluorescence of the compounds in 
ultraviolet light, especially after spraying the paper 
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with 2n-sodium hydroxide, is useful for detecting 
their position, it is of little value in determining 
their probable nature since the fluorescence of most 
of the compounds is so similar. The use of chromo- 
genic sprays to show certain structural character- 
istics is therefore of value. The production of green 
colours with 1% ethanolic ferric chloride and the 
ready reduction of silver oxide shows the presence 
of two adjacent hydroxyl groups (Bate-Smith & 
Westall, 1950) and the colours given with either 
diazotized p-nitroaniline or benzidine are sufficiently 
characteristic to distinguish between compounds of 
similar fluorescence and R, value. The use of 1% 
aqueous potassium permanganate for detecting the 
compounds is of value if an ultraviolet lamp is not 
available, although many other compounds will 
react in the same way. The behaviour of the com- 
pounds with diazotized p-nitroaniline after prior 
treatment with sodium hydroxide is also almost as 
sensitive as fluorescence. 

Finally it is felt that the colours produced by the 
chromogenic sprays considered in conjunction with 
the R, values in different solvent systems make it 
possible to classify and in some cases identify 
coumarins occurring in natural extracts. 


SUMMARY 


1. The R, values on filter-paper chromatograms 
of a number of coumarins and related cinnamic 
acids in various solvents have been determined. 

2. The compounds are best detected on the 
chromatogram by their fluorescence in ultraviolet 
light. 

3. The results obtained with different solvent 
systems and the colour reactions with various 
spray reagents are discussed in relation to the 
compounds, and suggest that definite indications of 
structure can be deduced. 

4. It is suggested that the coumarins present in 
natural extracts could be readily separated and 
identified by this method. 


The author wishes to thank Dr E. C. Bate-Smith for 
continued interest and advice. The experimental work was 
carried out by Mr F. A. Lee. This work forms part of the 
programme of the Food Investigation Organization of the 
Department of Scientific and Industrial Research. C and H 
determinations were carried out by Weiler & Strauss, 
Oxford. 
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Studies in Carotenogenesis 


6. THE EFFECT OF SOME POSSIBLE CAROTENE PRECURSORS ON GROWTH, 
LIPOGENESIS AND CAROTENOGENESIS IN THE FUNGUS 
PHYCOMYCES BLAKESLEEANUS 


By T. W. GOODWIN, W. LIJINSKY* anv J. S. WILLMER 
Department of Biochemistry, The University of Liverpool 


(Received 7 May 1952) 


A number of compounds which could theoretically 
act as primary intermediates (repeating units) in 
carotenogenesis have been examined using the 
fungus Phycomyces blakesleeanus as the test 
organism. Apart from the information obtained 
concerning the formation of B-carotene, interesting 
observations have also been made on the effect of 
the compounds tested on lipogenesis and growth in 
general. Many of the substances tested have proved 
to be extremely toxic. Some of the results described 
here have already been briefly reported (Glover, 
Goodwin & Lijinsky, 1951). 


EXPERIMENTAL 


Cultural conditions. Two types of experiments were carried 
out. In the first, well developed mats grown in Petri dishes 
on filter paper were transferred, when 3-4 days old, to fresh 
media also in Petri dishes. Details of this technique have 
already been given (Goodwin & Lijinsky, 1951). In the 
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second type of experiment, Phycomyces was germinated and 
allowed to grow undisturbed on our standard medium 
(Garton, Goodwin & Lijinsky, 1951) modified only by the 
substitution of part of the glucose by an equivalent amount 
(calculated on C content) of the substance under examina- 
tion. 

Materials used. The materials used for the standard 
medium were as described previously (Garton et al. 1951). 
The following intermediates were synthesized: 3-methyl- 
but-2-enoic acid (8-methylcrotonic acid; Me,C:CH.CO,H, 
m.p. 66-5-67:5°) from mesityl oxide (Vogel, 1948); DL-2- 
hydroxy-4-methylpentanoic acid (DL-«-hydroxyisocaproi¢ 
acid; Me,CH.CH,.CHOH.CO,H, m.p. 79-81°) and pt-2- 
hydroxy-3-methylbutanoic acid (pL-«-hydroxyisovaleri¢ 
acid; Me,..CH.CHOH.CO,H, m.p. 84°) by the conventional 
method via the corresponding «-bromo acids (Vogel, 1948); 
4-methylpentamide (isocaproamide, m.p. 118°) and 3- 
methylbutanamide (isovaleramide, m.p. 137°) by the usual 
method from the corresponding acid (Vogel, 1948) and 
2-keto-4-methylpentanoic acid (a-ketoisocaproic acid: 
Me,CH.CH,.CO.CO,H, b.p. 83°/17 mm.) (2:4-dinitro- 
phenylhydrazone, m.p. 146-148°) from isovaleryl chloride 
(Mauthner, 1909); and 3-methylbut-2-enal (B-methyl- 
croonaldehyde; Me,0:CH.CHO, b.p. 68-72°/95 mm.) 


(2:4-dinitrophenylhydrazone, m.p. 182°) by the method of 
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Young & Linden (1947) from dimethylallylbromide (b.p. 
28-33°/12 mm.) prepared according to Staudinger, Kreis & 
Schilt (1922). Other possible intermediates were obtained 
commercially and purified in the appropriate manner when 
it was found necessary. 


RESULTS 
Transfer experiments 


A preliminary series of experiments was carried out 
to determine the effect on carotenogenesis of the 
variation in the glucose concentration of the 
standard medium to which the 3- to 4-day-old mats 
were transferred. The results (Fig. 1) show that a 
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Fig. 1. The production of carotene (and dry weight) by well 
developed mats of Phycomyces transferred for 4 days to 
the standard medium (Garton ef al. 1951) containing 
N (0:2%, w/v, asparagine) and varying amounts of 
glucose. O—O, dry wt. production; @——® carotene 
production. 


glucose concentration of between 0-5 and 1-:0% 
(w/v) is required to maintain the carotene at its 
transfer level, but rather less to maintain dry 
weight. Very similar results were obtained for 
carotene when the transfer medium contained no 
nitrogen, and are not recorded here; production of 
dry weight was, of course, much less on the nitrogen- 
free medium (see also Goodwin & Willmer, 1952). 
It was therefore decided to test the intermediates by 
transferring mats to the standard medium (either 
with or without nitrogen) containing just sufficient 
glucose to maintain the pre-transfer carotene level, 
together with small amounts of intermediates in 
concentrations so arranged that in all media the 
final C concentration was the same. Under these 
conditions the controls should synthesize only small 
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amounts of carotene, whilst the presence of small 
amounts of a direct intermediate should con- 
siderably stimulate synthesis. Any energy neces- 
sary for the utilization of these intermediates was 
available in the glucose. 

Goodwin & Lijinsky (1951) found that L-leucine 
greatly stimulated carotenogenesis in Phycomyces; 
they suggested that B-methylcrotonaldehyde was 
the repeating unit in carotene synthesis and that it 
was formed via the following steps: leucine > «- 
ketoisocaproic acid >isovaleraldehyde — B-methyl- 
crotonaldehyde. These and related substances were 
chosen for test. The other main group tested were 
mixtures of C, and C, units, which might be expected 
to be formed during glycolysis (or fermentation or 
both), and which could conceivably condense to 
give an effective repeating unit. Two other com- 
pounds were examined for reasons which will be 
discussed later. 

The results of many experiments are sum- 
marized in Tables 1 and 2. In all these experiments, 
mycelia were examined 3, 5 and 7 days after 
transfer ; only the 3-day data are given here, because 
those for the 5- and 7-day cultures always confirmed 
the 3-day results. Under these conditions all the 
test substances are inactive in stimulating caroteno- 
genesis; furthermore, the branched-chain acids, 
B-methylerotonaldehyde and crotonaldehyde are 
extremely toxic. Mycelia transferred to media 
containing these compounds soon became moribund 
and quickly began to lose their pigment; within 
about 6hr. almost all had disappeared. Other 
mycelial constituents are not lost rapidly; the total 
dry weight disappears less quickly, whilst the lipid 
fraction is almost completely unaffected. 

The potassium salts of these branched-chain acids 
were as toxic as the free acids; introduction of 
an «-keto group also left the toxicity unaltered 
(Table 2), but the introduction of an «-hydroxyl 
group completely eliminated the toxic effects 
(Table 1). The amides of the branched-chain acids 
were examined because it was thought that they 
would be hydrolysed slowly, thus liberating the 
toxic free acid in amounts with which the organism 
could deal. Table 1 shows that the amides were 
almost completely non-toxic and had no positive 
effect on carotenogenesis. isoValeraldehyde (satur- 
ated) is much less toxic than B-methylerotonalde- 
hyde (unsaturated), and the corresponding satur- 
ated alcohol (¢soamyl alcohol) is not toxic. 

Because of the toxicity of these possible pre- 
cursors, they were tested at a lower concentration. 
One-twentieth of the original concentrations was 
used, for even at these levels sufficient precursor is 
available for synthesis of much more than the normal 
amounts of carotene found. At these lower concen- 
trations, none of the intermediates was toxic and 
none of them stimulated carotenogenesis. 
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of the possible precursor to make the final C content equivalent to 1% (w/v) glucose 


Substance tested 


Acetate (potassium salt) 
Acetate (potassium salt) | 


Acetone j 

DL-«-Hydroxyisocaproic* acid (DL-2-hydroxy-4- 
methylbutanoic acid) 

DL-a-Hydroxyisovaleric acid* (DL-2-hydroxy-3- 
methylbutanoic acid) 

isoAmy] alcohol (3-methylbutan-1-ol) 

isoValeramide (3-methylbutanamide) 

isoCaproamide (4-methylpentamide) 

a-Ketoisocaproamide (2-keto-4-methylpentanoic acid) 

isoValeraldehyde (3-methylbutanal) 

isoValeric acid (3-methylbutanoic acid) 

isoCaproic acid (4-methylpentanoic acid) 

isoValerate (potassium salt) 

isoCaproate (potassium salt) 

B-Methylerotonic acid (3-methylbut-2-enoic acid) 

Crotonaldehyde (but-2-enal) 

isoPropylacrylic acid (3-methylpent-2-enoic acid) 

Glucose 1% (control) 

Content of mats at transfer (mean values) 


* Twice the normal concentration of these acids was used on the assumption that only one isomer would be utilized. 


Table 2. Dry weight, carotene and lipid production by well developed mycelia of Phycomyces, transferred for 
3 days to the standard medium (Garton et al. 1951) without nitrogen and containing 1-0% (w/v) and 


Amount produced after transference 


Conen. Dry wt. Carotene Lipid 
(% w/v) (mg.) (ug-) (mg.) 

0-264 65 35 0 
0-132 ] 

124 31 9 
0-065} 
0-234 124 18 -9 
0-252 116 53 —6 
0-113 160 15 0 
0-107 70 : 67 -l1l 
0-102 93 30 -12 
0-116 92 9 -2 
0-115 17 28 — 20 
0-117 -3 -5 -15 
0-112 - 60 -49 8 
0-117 — 54 -51 1 
0-112 — 69 -40 1 
0-106 -5l1 —44 13 
0-091 —92 —44 —20 
0-102 — 63 -43 

119 52 8 

210 52 45 


sufficient of the possible precursor to make the final C content equivalent to 1-16 % (w/v) glucose 


Substance tested 


Acetone 


Acetaldehyde 
Acetone 


Pyruvate 
Pyruvate 


isoPropanol 
isoPropanol 


= 
Acetaldehyde 
B-Methylerotonaldehyde 
a-Ketovsocaproic acid 
Glucose (control) 
Content of mats at transfer (mean values) 


Experiments on growing cultures 


When the transfer experiments failed to yield 
positive results it was decided to repeat the experi- 
ments of Goodwin & Lijinsky (1951) in which it was 
found that t-leucine and t-valine stimulated caro- 
tenogenesis in media low in glucose, but to sub- 
stitute for the amino-acids the probable inter- 
Because of their known toxicity, the 


mediates. 


Amount produced after transference 





= ve — 
Conen. Dry wt. Carotene Lipid 
(% w/v) (mg.) (#g-) (mg.) 
0-065 ) 
16 40 2 
0-074 j 
0-065 
16 18 -1 
0-062 J 
0-062 
17 31 -1 
0-071 J 
0-071 
18 29 0 
0-074 j 
0-09 -70 — 34 -10 
0-115 —40 — 35 -6 
1-16 22 47 -2 
103 37 20 


intermediates were used in the same concentrations 
as in the experiments just described in the previous 


paragraph. The results obtained in a number of 


experiments on 5- to 9-day-old mycelia are re- 
corded in Table 3. B-Methylcrotonaldehyde shows 
quite marked stimulation of B-carotene synthesis, 
whilst «-hydroxyisocaproic and «-ketoisocaproic 
acids show a slight stimulation; these stimulations 
are somewhat more marked when the concentrations 
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Table 1. Dry weight, carotene and lipid produced by well developed mycelia of Phycomyces transferred for 
3 days to the standard medium (Garton et al. 1951) (+N) containing 0-84 % (w/v) glucose and sufficient 
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Table 3. Dry weight, carotene and lipid produced in 5 to 9 day-old mycelia 


(Mycelia grown in 8 oz. medicine bottles, 15 ml. standard medium; glucose (1 %w/v); lipid and B-carotene expressed as 


% of dry wt.) 


Amounts produced 
AW 


B-Carotene 


Conen. No. of Dry wt. Lipid Limits of | Concen. 
Substance tested (% w/v) exps. (mg.) (% (ug-) scatter (% x 10%) 
isoV aleraldehyde 0-00465 7 53 23-4 17 14-21 32-1 
B-Methylcrotonaldehyde 0-00405 16 54 27-4 27 19-37 50-0 
pL-«-Hydroxyisocaproic acid 0-0053 7 57 22-0 23 15-26 40-4 
B-Methylerotonic acid 0-00477 6 52 30-2 18 16-20 34-6 
a-Ketoisocaproic acid 0-00531 7 56 25-2 22 16-28 39-3 
Glucose (control) 1-0 16 60 27-8 17 15-20 28-4 


Table 4. Dry weight, carotene and lipid produced in 4-day-old mycelia grown in 8 oz. medicine bottles 


containing 15 ml. of standard medium (Garton et al. 1951) containing 1% (w/v) glucose and sufficient 
precursors to make the final conen. equivalent in C conen. to 1-16 % (w/v) glucose 


(The concn. of the intermediates tested are so arranged that both contribute the same amount of C.) 


Amounts produced 








c Y 
Lipid Carotene 
c ~~ c a Y 
Conen. Dry wt. Wt. Wt. 
Precursors (w/v) (mg.) (mg.) (%) (ug.) — (% x 108) 

Acetone 0-065 ) 

+ , 70 14-1 20-1 10 14-3 
Acetaldehyde 0-074) 
Acetone 0-065 ) 

+ 67 11-7 17-4 12 17-9 
Acetate (potassium salt) 0-132 j 
Acetone 0-065 ) 

- r 70 15-0 21-4 11 15-7 
Pyruvate 0-062 ) 
Pyruvate 0-062 ) 

+ r 71 16-9 23-8 11 15-5 
isoPropanol 0-071) 
isoPropanol 0-071 

+ 67 14-4 21-5 9 14-0 
Acetaldehyde 0-074 J 
Glucose (control) 1% 60 13-2 21-9 10 16-7 


of B-carotene produced are considered. zsoValeral- 
dehyde and f-methylerotonic acid were without 
significant effect. 

Extension of these experiments using mixtures of 
C, and C, compounds likely to combine to form f- 
methylerotonaldehyde have never yielded clear-cut 
results; although it is possible to use much higher 
concentrations without any signs of toxicity. 
Values obtained for 4-day cultures in a series of 
experiments are given in Table 4 which show that 
a possible slight stimulation appears to have 
occurred with a mixture of acetone and acetate. In 
other experiments this has not been reproduced, 
whilst a similar slight stimulation has occasionally 
been revealed with other mixtures. 


DISCUSSION 


In a medium containing insufficient glucose for 
maximal carotene synthesis, L-leucine stimulates 
production of this pigment (Goodwin & Lijinsky, 


1951). It was suggested that B-methylcrotonalde- 
hyde was produced (via «-ketozsocaproic acid and 
isovaleraldehyde) and acted as the repeating unit 
for the synthesis of carotene. Experiments carried 
out under the same conditions, but using these 
possible precursors (Table 3), have shown that f- 
methylerotonaldehyde is the most effective stimu- 
lant, whilst «-keto- and «-hydroxy-isocaproic acids 
are slightly active; zsovaleraldehyde is, however, 
non-stimulatory. As fB-methylerotonic acid also 
shows no definite stimulation, it seems possible that 
B-methylerotonaldehyde is the active repeating 
unit, but that it is not produced from the «-keto 
(or «-hydroxy) acid via itsovaleraldehyde. Pre- 
liminary experiments using “CH,COOH indicate 
that isovaleraldehyde is not in the pathway from 
acetate to carotene (Glover, Goodwin & Willmer, 
1952), but this does not definitely rule out iso- 
valeraldehyde as an intermediate when leucine is the 
precursor. 
14-2 
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The demonstration that B-methylerotonaldehyde 
is possibly the immediate precursor of carotene 
when leucine is the starting material, does not 
prove that it is the repeating unit when glucose is the 
substrate. If it were so, B-methylcrotonaldehyde 
might be formed from more normal products of 
glucose dissimilation, one possibility being the 
condensation of acetone and acetaldehyde, thus: 


CH, CH, 
\ -H,O X 

SC=0+CH,;.CHO ——> Do=CH.CHO 
CH, CH, 


This and other possible combinations have been 
examined (Table 4) in growing cultures. When 
tested under the same conditions as f-methy]l- 
crotonaldehyde, none has stimulated caroteno- 
genesis, although, because of their non-toxicity, 
they were tested at higher levels. Even acetate, 
thought by Schopfer & Grob (1950, 1952) to be the 
primary carotene precursor, was inactive. Such 
negative experiments obviously do not prove that 
none of these combinations can form B-methyl- 
crotonaldehyde, but the question whether f- 
methylerotonaldehyde is the immediate precursor 
of carotene when glucose is the basic substrate, must 
be left open. 

A very large number of transfer experiments, a 
typical selection of which is given in Tables 1 and 2, 
have failed in any instance to stimulate caroteno- 
genesis above that produced by glucose. It must be 
concluded that experiments of this type are not 
suitable for this kind of investigation. 

Some interesting observations, unconnected with 
carotenogenesis, have been made concerning the 
toxicity of some compounds tested as carotene 
precursors. The branched-chain acids, zsovaleric, 
zsocaproic and B-methylerotonic (either free or as 
potassium salts) are extremely toxic and at a con- 
centration of about 0-02% (w/v) quickly kill the 
fungus Phycomyces. There are a few other instances 
where it has been found that fatty acids are fungi- 
cidal. Keeney, Ajello, Lankford & Mary (1945) 
found that octanoate (caprylate) and propionate 
were effective against the pathogenic Fonsecaea 
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pedrosoi; Rothman, Smiljanic & Shapiro (1945) 
discovered that the fatty acids from adult hair 
inhibited growth of the rmgworm fungus Micro- 
sporon audouini, the fraction containing the acids 
with 7 to 11 C atoms being most effective; Levine & 
Novak (1950) found that straight-chain acids above 
octanoic almost completely inhibited respiration of 
Blastomyces dermatitis, that the lower members 
stimulated respiration, and that the branched-chain 
(isovaleric) or unsaturated (crotonic) acids had no 
effect on respiration. 


SUMMARY 


1. When mats of Phycomyces are transferred to 
media containing various concentrations of glucose, 
carotene synthesis does not begin until the concen- 
tration is between 0-75 and 1-0 % (w/v). 

2. A large number of substances tested for 
ability to stimulate carotenogenesis in transferred 
cultures all gave negative results. 

3. In growing cultures containing 1-:0% (w/v) 
glucose, carotenogenesis was stimulated slightly by 
a-ketoisocaproic and «a-hydroxyisocaproic acids 
and appreciably by B-methylcrotonaldehyde (all at 
concentrations of about 0-001 %) ; csovaleraldehyde 
and f-methylerotonic acid were without obvious 
effect, when tested at the same level. Tested at 
higher levels a number of binary mixtures, thought 
likely to give rise to B-methylerotonaldehyde, were 
inactive. 

4. The following were extremely toxic to 
Phycomyces at a concentration of about 0-02% 
(w/v): tsovaleric, isocaproic, «-ketotisocaproic and 
a-methylerotonic acids, and £-methylerotonalde- 
hyde and crotonaldehyde. Both «-hydroxylation 
and amidation of isocaproic and isovaleric acids 
rendered them non-toxic. isoValeraldehyde was 
much less toxic than f-methylcrotonaldehyde, 
whilst ¢soamyl] alcohol was non-toxic. 


We wish to thank Prof. R. A. Morton, F.R.S., for his 
continued interest in this work and the Medical Research 
Council for studentships (to W.L. and J.S.W.) and for a 
grant towards laboratory expenses. 
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Determination of Blood Serum Potassium by an 
Improved Sodium Cobaltinitrite Method 


By J. M. BARRY* anv 8. J. ROWLAND 
The National Institute for Research in Dairying, University of Reading 


(Received 31 March 1952) 


The object of this paper is to describe some sources 
of error that have been found in methods for 
determining serum potassium based on the sodium 
cobaltinitrite procedure, and to present a con- 
venient modified method of greater accuracy and 
reproducibility. 

We initially selected the method of Eden (1943) 
for determinations of potassium in cow’s blood 
serum required for studies in milk secretion; this 
method combines the precipitation of potassium 
direct from serum as described by Peters & Van 
Slyke (1932) (and adapted by them from the earlier 
method of Kramer & Tisdall (192la, b)) with the 
colorimetric determination of the cobalt in the pre- 
cipitate devised by Jacobs & Hoffman (1931). The 
method did not give sufficiently reliable results and, 
even after a thorough trial, duplicate analyses often 
differed by as much as 15%. The lengthy literature 
on the cobaltinitrite procedure, recently reviewed 
by Tinsley (1948), shows the difficulties that have 
repeatedly arisen in its use with biological and other 
materials. We had found the procedure entirely 
satisfactory for gravimetric determination of the 
larger concentrations of potassium in milk, pro- 
vided it was accepted that a precipitate of constant 
composition is not obtained from solutions of vary- 
ing potassium concentration, and that calibration 
with standard potassium solutions is_ essential 
(Piper, 1934). We therefore looked for sources of 
error peculiar to the micro-estimation of the low 
potassium concentrations in serum, and after a 
detailed study found three main sources. These 
errors have been overcome, and other modifications 
introduced, and the method thereby much im- 
proved. 


1X PERIMENTAL 


Many experiments were made on standard solutions of 
similar potassium concentration to serum, using various 
conditions of formation and washing of the potassium 
sodium cobaltinitrite precipitate, followed by its colori- 
metric or gravimetric estimation. The more important ob- 
servations, which revealed sources of error in methods of 
determining serum potassium, are discussed below. 


* Pp 


resent address: Department of Agriculture, Uni- 
versity of Oxford. 


Incomplete precipitation of potassium 


In previous methods the tendency of the precipitate to 
dissolve in aqueous washing fluids has been realized, but the 
possibility has apparently not been considered of incomplete 
precipitation of potassium owing to the solubility of the 
potassium sodium cobaltinitrite in the solution from which 
precipitation occurs. In macro-determinations of potassium 
this loss by solubility can be neglected, but in serum 
determinations, where the ratio of potassium to water is 
much lower, it becomes significant, and should not be in- 
creased by diluting the serum with water. In the procedures 
of Peters & Van Slyke (1932) and of Eden (1943) about 
0-15-0-2 mg. of potassium is precipitated from 1 ml. of 
serum plus 3 ml. of water by adding 2 ml. of reagent; 
Kramer & Tisdall (1921 a), although mixing 2 ml. of reagent 
with 1 ml. of undiluted serum, subsequently add 2 ml. of 
water; King (1951), in a method based on that of Abul-Fadl 
(1949), adds 0-5 ml. of reagent to 0-2 ml. of serum but sub- 
sequently adds 1 ml. of water. 


Table 1. Loss of potassium sodium cobaltinitrite 
by its solubility in the reacting solutions 


(The cobaltinitrite reagent was prepared according to 
Kramer & Tisdall (1921 a).) 
Potassium sodium 
cobaltinitrite ppt. 





separating 
C et rere aa 
Weight Ratio of 
Conditions of precipitation (g-) weights 
(a) 6-00 mg. K in 160ml. water 0-0349 82 
mixed rapidly with 80 ml. of reagent 
=(0-150 mg. K in 4 ml. water + 2 ml. 
reagent) x 40 
(6) 6-00 mg. K in 100ml. water 0-0388 91 
mixed rapidly with 80 ml. reagent 
=(0:150 mg. K in 2-5ml. water 
+2 ml. reagent) x 40 
(c) 600 mg. K in 40 ml. water 0-0426 100 


mixed rapidly with 80 ml. reagent 
=(0:150 mg. K in Iml. water 
+2 ml. reagent) x 40 


The loss of precipitate entailed by such procedures is 
shown by the three examples of precipitation given in 
Table 1. In each, the same weight of potassium was treated 
with the same volume of reagent but in solutions of different 
total volume. In example (a) the relative weight of potas- 
sium, volume of solution, and volume of added reagent are 
the same as in the procedures of Peters & Van Slyke (1932) 
and of Eden (1943), but the scale has been increased 40 
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times so that, after 2 hr., the precipitate could readily be 
collected on a Gooch filter, washed with 70% (v/v) ethanol, 
dried and weighed. Similarly, example (c) corresponds to 
the addition of the reagent to 1 ml. of undiluted serum, and 
example (b) is intermediate. In (a) approximately 18%, 
and in (b) 9%, less precipitate was obtained than in (c). 
These results were confirmed by using one-fortieth of these 
amounts and estimating Co in the precipitate colorimetric- 
ally: the precipitate corresponding to (a) contained 14%, 
and that corresponding to (b) 8%, less cobalt than that 
corresponding to (c). Since the temperature and the ratio of 
Na to K in each solution were the same, it would be expected 
from the work of Piper (1934) that the composition of each 
precipitate would be the same; the smaller weights of pre- 
cipitate in (a) and (b) must be due, not to variations in the 
Na/K ratio in the precipitate, but to approximately one part 
of the potassium sodium cobaltinitrite remaining in solution 
for every 16000 parts of extra water added. The solubility of 
potassium sodium cobaltinitrite is one part in 1400 of water 
at 25° (Hodgman, 1950); the solubility here is presumably 
depressed by other salts. It might be expected that in 
serum potassium determinations the solubility of potassium 
sodium cobaltinitrite would be affected by the presence of 
serum protein, and that the loss of precipitate due to solu- 
bility would not be so great as in the example in Table 1. 
However, when the cobaltinitrite reagent was added 
directly to 1 ml. samples of sera of normal potassium con- 
centration, the precipitates contained 15-20% more cobalt 
than when the serum samples were first diluted with 3 ml. of 
water. To get maximum precipitation in serum analyses it is 
therefore necessary to avoid dilution with water, and to use 
a reagent previously saturated with the precipitate. 

It is evident that in the methods of Peters & Van Slyke and 
of Eden some 15-20% of the potassium in sera of normal 
potassium concentration remains unprecipitated, and that 
smaller losses of precipitate by subsequent re-solution can 
be expected in the procedures of Kramer & Tisdall (1921 a) 
and of King (1951). This criticism may at first seem im- 
material since the analytical results are always computed by 
comparison with the results obtained from standard 
potassium solutions treated similarly. To get entirely con- 
sistent results, however, it would be necessary always to 
ensure that the amount unprecipitated was the same by 
using strictly controlled conditions in which the serum was 
accurately diluted, the temperature kept exactly constant, 
and the concentrations of other salts kept the same. In 
practice, it has been found that the use of undiluted serum 
gives far more reliable results, and in our proposed procedure, 
although a very small amount of the potassium sodium 
cobaltinitrite remains dissolved in the water of the 1 ml. of 
undiluted serum, the variations in this amount are too small 
to affect significantly the accuracy of the final results. 


Duration and temperature of precipitation 


The precipitation of potassium sodium cobaltinitrite is 
very slow, and in trials with K solutions and with serum we 
found that, to obtain closely reproducible results, the time 
previously allowed for precipitation (30 min., Peters & Van 
Slyke, 1932; 45 min., King, 1951; 1 hr., Eden, 1943) should 
be increased to 2 hr. for room temperatures of 15° and above. 
However, when this was done the reagent, which was pre- 
pared according to Kramer & Tisdall (1921a), caused a 
flocculent precipitate, presumably of protein, to separate 
from undiluted serum; this difficulty was overcome by 


J. M. BARRY AND S. J. ROWLAND 





1953 


using a reagent of approximately one-half the usual con- 
centration. At temperatures below 15° the precipitation of 
K becomes progressively slower and more time should be 
allowed. 

Temperature influences the ratio of Co to K in the pre- 
cipitate (Piper, 1934), and we have found that serum analyses 
should preferably be made within 3° of the temperature at 
which the calibration was conducted. 


Loss of precipitate during washing 


The techniques used for washing the precipitate have 
been a further source of error. Kramer & Tisdall (19214), 
after siphoning off the reagent, washed the precipitate four 
times by mixing the residual reagent with 5 ml. portions of 
water and attempting not to disturb, and so dissolve, the 
precipitate. This method was obviously unsatisfactory since 
the cobaltinitrite precipitate from 1 ml. of serum will 
dissolve completely in 2-3 ml. of water at 25°. It was im- 
proved by Jacobs & Hoffman (1931) who, after washing with 
1 ml. of water, dispersed the precipitate twice in 70% (v/v) 
ethanol in which it is insoluble. King (1951) first washed the 
precipitate from 0-2 ml. of serum with 2 ml. of water without 
disturbing the precipitate, and then dispersed it in 70 % (v/v) 
ethanol. The 70% ethanol cannot be used for the first 
washing since it precipitates the small amount of serum 
protein present. In an attempt to use for the first washing 
a fluid in which the precipitate is insoluble, Eden (1943) used 
2 ml. of a ‘saturated solution’ of sodium potassium cobalti- 
nitrite prepared by shaking the solid with water and separ- 
ating the next day by centrifuging. However, we found, 
using standard K solutions of similar concentration to 
serum, that when the precipitate was dispersed in this 
solution for the first washing, or in the similar one recom- 
mended by Piper (1934), varying results were obtained 
which were up to 10% lower than when the precipitate was 
washed in 70% (v/v) ethanol alone: the solution was still 
able to dissolve the precipitate, probably owing to decom- 
position of the potassium sodium cobaltinitrite with which 
it was previously saturated. 

For the first wash we have substituted 35% (v/v) ethanol 
which we have found does not precipitate the serum protein 
at this stage. Since it does dissolve a trace of precipitate, 
70% (v/v) ethanol was used for subsequent washings. 


Further modifications 


The addition of NaNO, solution before precipitation, 
which was claimed by Kramer & Tisdall (19215) to prevent 
the precipitate floating on the surface of the reagent and 
adhering to the sides of the tube, was found unnecessary. 

The addition of the reagent drop by drop, which was 
claimed to prevent occlusion of the reagent by the precipi- 
tate (Kramer & Tisdall, 1921 a), was also abandoned. Rapid 
addition of the cobaltinitrite reagent has been previously 
used to ensure that at each K level the same Na/K ratio is 
always established in the solution before precipitation 
begins, resulting in a precipitate of uniform composition at 
that level (Piper, 1934). Dropwise addition, apart from 
being slower, has the disadvantage that, because of the high 
concentration of Na in the reagent, the ratio of Na/K in the 
solution, and hence in the precipitate, is continually changing 
as precipitation occurs, aid the weight of precipitate 
obtained depends on the rate of addition. Therefore, the 
rate of dropwise addition should always be kept constant, 
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which is not easy to do. Kramer & Tisdall (1921 a) obtained 
a larger weight of precipitate when the reagent was added 
rapidly than when it was added slowly, and concluded that 
this was due to occlusion of the reagent by the precipitate. 
It is more probable that after rapid addition the higher 
Na/K ratio at the time of precipitation caused a larger 
weight of precipitate of lower potassium content per mole to 
separate. 

Table 2. Typical replicate determinations 

of serum potassium 


K content (mg./100 ml.) 


Serum 
Original method, Eden (1943): 
1 14-9, 16-2, 17-1, 17-5 
2 15-0, 15-5, 15-7, 16-3 
3 19-6, 20-4, 21-3 
4 22-5, 23-4, 24-3, 25-4 


Recommended method: 

16-7, 16-7, 16-8, 16-9 
18-3, 18-7, 18-8, 18-8 
18-9, 18-9, 19-2, 19-5 
22-5, 22-5, 22-9, 22-9 


34-3, 34-4, 34-6, 34-6 


COMI HIH 


Table 3. Further example of replicate determinations 
by the recommended method and recovery of added 


potassium 
K content of a sample of 
cow’s serum 
(mg./100 ml.) 


Found 
16-1, 16-4, 16-3, 16-1, 
16-3, 16-3, 16-1 
16-23 
0-13 


Mean 
S.D. 


K content of a mixture of 1 vol. 
of the same serum with 1 vol. 
of a solution containing 
30 mg. K/100 ml. 
(mg./100 ml.) 








—“— ~*~ 
Calculated Found 
From serum 8-12 23-1, 23-1 
From added K 15-00 23-1, 23-0 
Total 23-12 23-0, 23-4 
23-5 
Mean 23-17 
S.D. 0-20 


Accuracy of the improved procedure 


The various modifications which are described above 
have been incorporated into the following procedure. 
Whereas previously duplicate determinations often 
differed by as much as 2-5 mg. K/100 ml. of serum at levels 
of about 20 mg. K/100 ml., they now usually agree within 
0-2 or 0-3, and seldom differ by more than 0-5 mg./100 ml. 
In Table 2 are shown some typical replicate determinations 
on a number of serum samples by the original and by the 
improved procedure. 
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Table 3 shows a further set of replicate determinations on 
a sample of serum that was also used for an experiment on 
the recovery of added K. Both series of seven replicates give 
a coefficient of variation of just under 1 %, and the recovery 
of K from the mixture of serum and K was satisfactory. It is 
evident that the presence of serum protein has not prevented 
the accurate estimation of added K. The method has, in 
fact, now reached as great a precision as can be expected 
from routine methods of photoelectric absorptiometry. 
Since the method was developed, it has been extensively 
used with equal success by other workers to whom it was 


communicated privately. 


RECOMMENDED METHOD 


Principle 


The potassium is precipitated as potassium sodium 
cobaltinitrite by adding a sodium cobaltinitrite 
reagent to the serum in a centrifuge tube. After 
washing with aqueous ethanol, the precipitate is 
dissolved in water and the cobalt. content is measured 
by the method of Jacobs & Hoffman (1931) from the 
intensity of the green colour produced on adding 
choline chloride and potassium ferrocyanide 
solutions. 
Reagents 


All reagents should be of A.R. quality. 

Sodium cobaltinitrite reagent. Two solutions are 
first prepared: (A) Co(NO,),.6H,O (25 g.) is dis- 
solved in 280 ml. water and then 12-5 ml. glacial 
acetic acid and about 10 mg. potassium chloride are 
added. (B) Sodium nitrite (120 g.) is dissolved in 
180 ml. water. Then, 210 ml. of (B) are added to the 
whole of (A) and air is drawn through the solution 
until all nitrous fumes have been removed. The 
addition of potassium chloride ensures saturation of 
the reagent with potassium sodium cobaltinitrite. 
The reagent, if stored in the refrigerator at 0°, will be 
satisfactory for at least 1 month. Before use it is 
allowed to attain room temperature and, after 
shaking to ensure saturation at the higher temper- 
ature, it is filtered. 

Ethanol. 35 and 70% (v/v). 

Choline chloride. A 10% (w/v) solution stored in 
the cold. It is diluted to 1% just before use. 

Potassium ferrocyanide. A freshly prepared 2% 
(w/v) solution. 

Procedure 


Serum. To 1 ml. of serum in a dry 15 ml. centri- 
fuge tube graduated at 6-00+0-03 ml. are added 
3 ml. of the cobaltinitrite reagent from a pipette, 
which is blown out rapidly to aid mixing, and the 
mixing is immediately completed by rotating the 
tube between the palms of the hands. The mixture 
is allowed to stand for 2 hr. at a room temperature of 
15° or above, centrifuged for 10 min. at about 
2500 rev./min., and the supernatant liquid de- 
canted. After wiping the mouth of the tube 5 ml. of 
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35 % ethanol are added, using it to wash the sides 
of the tube, and the precipitate is dispersed in the 
liquid with a glass rod; after recentrifuging for 
5 min. the ethanol is decanted. The tube and pre- 
cipitate are washed twice more with 5 ml. portions 
of 70 % ethanol in the same way. The precipitate is 
then dispersed in about 3 ml. of water, and heated 
in a boiling-water bath until dissolved. The solution 
is cooled and 1 ml. of 1 % choline chloride is added 
and, after mixing, 1 ml. of 2% potassium ferro- 
cyanide is added. Unless the choline chloride is well 
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Fig. 1. Calibration curve showing the relation between the 
potassium concentration of serum and the extinction of 
the coloured solution obtained in its estimation. 


mixed with the solution before adding the ferro- 
cyanide the full colour does not develop. The solu- 
tion is made to 6 ml. and mixed again. It is then 
centrifuged for a few minutes to remove the slight 
cloudiness caused by the small amount of protein 
which always separates from the serum. The 
extinction of the resulting green solution is measured 
in a 1 cm. cell in a photoelectric absorptiometer at 
about 600 my., or in some other suitable instru- 
ment. The colour fades slowly and should be 
measured within half an hour. 

Standard potassium solutions. A _ calibration 
curve is prepared relating the final colour intensity 
to the amount of potassium initially present, by 
taking 1 ml. portions of standard potassium solu- 
tions and treating them in the same way as the | ml. 
of serum. Solutions containing 15-0, 20-0, 25-0 and 
30-0 mg. potassium/100 ml. will give a standard 
curve covering the normal variations in serum 
potassium. Provided that the prescribed conditions 
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of precipitation are adhered to, and the temperature 
of precipitation of serum is within +3° of the 
temperature at which the standard curve was 
prepared the curve may be used repeatedly. With 
a Miller absorptiometer and Ilford Spectrum 
Orange Filter no. 607 the calibration curve relating 
Em, and potassium concentration deviated only 
slightly from a straight line; it is shown in Fig. 1. 


Notes on procedure 


(1) Ifdesired, 0-5 ml. of serum can be treated as described 
and will give a final colour which can be measured with 
reasonable accuracy. The procedure could no doubt be 
adapted for smaller volumes of serum by reducing pro- 
portionately the various volumes of reagents. 

(2) The tubes must be cleaned before use in such a way as 
to remove all traces of potassium ferrocyanide added in a 
previous analysis. A satisfactory method is to leave in a 
solution of potassium dichromate in concentrated sulphuric 
acid and after thorough rinsing to heat for half an hour in 
boiling distilled water, and then rinse again. 

(3) Although rapid mixing of the serum and reagent is 
essential for constant conditions of precipitation, a stirring 
rod should not be used. Traces of precipitate which are 
difficult to remove separate on the rod, and if put in sub- 
sequent solutions tend, by seeding, to increase the rate of 
precipitation. 

(4) A useful check that the absorptiometer is giving con- 
sistent readings from day to day is provided by a solution of 
standard colour which can readily be prepared directly 
from a solution of a Co salt: e.g. 1 ml. of a solution containing 
0-165 mg. Co/ml. (0-815 g. Co(NO,),.6H,O/I.) mixed with 
1 ml. of 1 % choline chloride and Iml. of 2% K,Fe(CN),.3H,0 
and diluted to 6 ml., gives a colour corresponding to that 
from an average serum. 


SUMMARY 


1. It has been found that the low accuracy of 
many methods of estimating serum potassium 
based on the sodium cobaltinitrite procedure of 
Kramer & Tisdall is due mainly to three factors: 

(a) The dilution of the serum with water, which 
can lead to as much as 20% of the potassium re- 
maining unprecipitated owing to the solubility of 
potassium sodium cobaltinitrite. 

(6) Allowing insufficient time for the precipita- 
tion of potassium. 

(c) Dissolving some of the precipitate during 
washing. 

2. Modification of these and other factors has 
given a convenient method of much improved 
accuracy. 

3. The results of replicate determinations now 
agree closely, their standard deviation not exceeding 
1 % of their mean value, and the recovery of added 
potassium is satisfactory. 
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Cholinesterases of the Tissues and Sera of Rabbits 


By G. B. KOELLE 
Department of Pharmacology, College of Physicians and Surgeons, 
Columbia University, New York, N.Y. 


(Received 28 April 1952) 


Ten years ago Mendel and associates (Mendel, 
Mundell & Rudney, 1943) clearly distinguished 
between two types of cholinesterase (ChE) in 
mammalian tissues, and utilized the selective sub- 
strates acetyl-8-methylcholine (MeCh) and _ ben- 
zoylcholine (BzCh) to measure the activities of 
‘true’ and ‘pseudo’-ChE, respectively. Other in- 
vestigators have employed different nomenclature 
and criteria for this purpose, including over-all 
substrate patterns (Nachmansohn & Rothenberg, 
1945; Augustinsson, 1948, 1949; Goldstein, 1951), 
differences in kinetics of hydrolysis (Alles & Hawes, 
1940) and selective inhibition (Hawkins & Gunter, 
1946; Adams & Thompson, 1948; Hawkins & 
Mendel, 1949). By means of these methods, the 
distributions of the two enzymes have been studied 
extensively in rat tissues (Sawyer & Everett, 1947; 
Ord & Thompson, 1951); their occurrence in cat 
tissues has been investigated histochemically 
(Koelle, 1950, 1951). 

In recent years, evidence has accumulated for 
the existence of several choline ester-hydrolysing 
enzymes which do not conform with Mendel’s 
classical descriptions of true and pseudo-ChE’s. 
Sawyer (1945) reported an enzyme of guinea pig and 
rabbit liver which splits BzCh but not acetylcholine 
(ACh), and assigned to it the designation ‘benzoyl- 
cholinesterase’ (BzChE). Evidence of a similar 
enzyme has been noted in guinea pig kidney 
(Nachmansohn & Rothenberg, 1944) and beef 
kidney (Gunter, 1946; Blaschko, Chou & Wajda, 
1947). The occurrence and characteristics of other 
choline ester-hydrolysing enzymes have been 
reviewed by Augustinsson (1948) and Whittaker 
(1951). 


Ellis and associates (Ellis, Sanders & Bodansky, 
1947; Ellis, 1947) found that the plasma of certain 
rabbits contains BzChE in addition to true or 
specific ChE, whereas in the plasma of others only 
the latter ChE is present in significant amounts. 
This observation was confirmed by Levine and 
associates (Levine, Hoyt & Suran, 1950). Levy 
(1951) reported on the presence of several other 
esterases in rabbit plasma, including a possible trace 
of pseudo-ChE. 

With the exception of the ruminants, the plasma 
of most species contains predominantly non- 
specific or pseudo-ChE and varying amounts of 
specific or true ChE (Gunter, 1946; Augustinsson, 
1949). In the cat, Goldstein (1951) has shown that 
the ChE’s of the plasma are identical with those of 
the liver and gastric mucosa. Studies of the distri- 
bution (Koelle, 1950, 1951) and effect of inhibition 
(Koelle, Koelle & Friedenwald, 1950) of the non- 
specific ChE of the cat’s ileum have indicated that 
this enzyme has an important role in the regulation 
of intestinal motility. The same conclusion was 
reached by Burn and associates (Burn, Kordik & 
Mole, 1952) in the course of an investigation of the 
effects of irradiation on rats. Therefore, it seemed 
of interest to determine whether the absence of 
appreciable amounts of an ACh-hydrolysing non- 
specific ChE in rabbit plasma was reflected by a 
similar situation in the gastro-intestinal tract and 
other tissues. Information on this point might be 
expected to have a bearing on the function of non- 
specific ChE in other species as well. To this end, the 
objects of the present study have been: (1) the 
determination of the rates of hydrolysis of ACh and 
other choline esters by the plasma and tissues of 
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rabbits with and without appreciable plasma 
BzChE activity ; (2) the partial purification of some 
choline ester-hydrolysing enzymes of rabbit plasma 
and tissues to determine their individual substrate 
patterns; (3) the identification of the partially 
purified enzymes with those of the plasma and 
tissues by means of the selective action of inhibitors ; 
and (4) the histochemical localization of the choline 
ester-hydrolysing enzymes in certain tissues of the 
rabbit. 

Terminology in the field of ChE’s has become in- 
creasingly confusing, as the foregoing discussion 
would suggest. In the present report, the term 
‘BzChE’, as defined by Sawyer (1945), is used for 
the chief BzCh-hydrolysing enzyme of the sera of 
certain rabbits in keeping with the reports of the 
authors cited. The other ChE’s are referred to as 
‘aceto-ChE’ (true, specific or acetyl-ChE) and 
‘butyro-ChE’ (pseudo- or non-specific ChE) in 
accordance with the general resemblance of their 
substrate patterns to those of human erythrocytes 
or plasma, respectively (Sturge & Whittaker, 1950), 
although in the present study no attempt was made 
to determine the substrates exhibiting maximal 
rates of hydrolysis. This classification carries no 
implications concerning natural substrates or 
functions. 


EXPERIMENTAL 


I. The hydrolysis of choline esters by the sera, 
intestines and livers of rabbits 


Of the thirty rabbits used during the present in- 
vestigation, the sera of eleven hydrolysed BzCh 
at significant rates. As noted by previous investi- 
gators, there was no correlation between this 
characteristic and sex or breed. The rates of hydro- 
lysis of BzCh, butyrylcholine (BuCh), ACh and 
MeCh by the sera and exsanguinated intestines and 
livers were determined for four rabbits of each type. 

Materials and methods. Rabbits were anaesthetized with 
ether, and 50-100 ml. of blood were taken by cardiac 
puncture and allowed to clot. The serum was removed by 
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centrifugation. The abdominal aorta was exposed and a 
cannula inserted, directed cranially, immediately central to 
the bifurcation. The thoracic aorta was rapidly exposed and 
clamped just above the diaphragm, the right ventricle 
incised, and approximately 11. of 0-85% NaCl solution 
allowed to flow by gravity through the cannula. At the end 
of the perfusion, requiring approximately 5 min., the small 
intestine and liver appeared nearly free from blood. The 
whole liver was removed, freed from the gall bladder, 
blotted and weighed. The entire small intestine was re- 
moved, cleaned of adherent fat, slit open, cut into short 
segments, and passed rapidly through three saline rinses 
before being blotted and weighed. Both organs were minced 
with scissors then homogenized in the Waring Blendor for 
5 min. with a mixture of ice and distilled water to give a 
final suspension of 1 part wet weight in 4 vol. Homogenates 
and sera were stored at approximately 5°. 

Rates of hydrolysis were determined in duplicate by a 
conventional modification of Ammon’s (1933) method, 
using the Warburg apparatus. The final concentrations of 
substrates, tipped in from the side arm, were: 0-006m- 
BzCh, 0-01M-BuCh, 0-005mM-ACh and 0-03mM-MeCh. The 
volume of enzyme preparation was varied according to its 
activity in the presence of a given substrate. The vessels 
contained a final concentration of 0-03mM-NaHCO, and 
0-033 M-Mg(Cl, in a total volume of 3-0 ml., and were equili- 
brated with 5% CO,-95% N, (v/v). Rates of hydrolysis 
were determined on the basis of CO, production during the 
30 or 60 min. period beginning 10 min. after the addition of 
substrate. Values were corrected for non-enzymic hydro- 
lysis of substrate and acid production in the absence of 
substrate. 


Results. Table 1 lists the individual rates of hydro- 
lysis by the serum, small intestine ahd liver of each 
rabbit, and the average values for the rabbits with 
and without significant serum BzCh-hydrolysing 
activity. The hydrolysis of BuCh by the sera in 
general paralleled that of BzCh, although the ratios 
of the velocity of hydrolysis differed significantly for 
the two groups. A relatively constant ratio for the 
hydrolysis of ACh and MeCh held throughout both 
groups, and there was no significant difference 
between the absolute values of the two groups for 
these substrates. The average rates of hydrolysis of 
all four substrates by the intestinal homogenates 


Table 1. Hydrolysis of choline esters by rabbit sera, intestines and livers 


pmoles CO,/g. (or ml.)/hr. 
A 





— a 
Sera Intestines Livers 
Tread tee on fae ae ret niet 
Rabbit BzCh BuCh ACh MeCh BzCh BuCh ACh MeCh BzCh BuCh ACh MeCh 
A 1-0 12-5 22-8 10-1 —_ —_ — — 63-0 191 182 78-1 
B 1-1 8-1 22-3 8-0 7-2 51-4 109 41-6 18-0 142 260 110 
E 0-7 71 21-4 a1 4-5 68-0 105 36-7 15-8 33-4 112 53-7 
F 1-1 9-2 31-3 10-9 6-7 96-0 129 35-7 88 185 195 755 
Av. 1-0 9-2 24-5 9-0 61 720 114 38-0 26-4 138 188 79-0 
Cc 16-8 61-2 21-6 7-6 — —_ — — 60-8 245 69-1 26-8 
D 13-0 40-1 22-2 6-4 11-4 79-0 125 47-0 97-5 159 230 110 
G 12-7 51-0 30-6 10-2 10-9 89-9 110 34-4 215 69-7 81 35-2 
H 15-7 55-5 22-2 8-4 5-2 61-2 114 19-4 67-5 192 119 §2-2 
Av. 14-6 51-9 24-2 8-1 9-2 770 1165 33-6 61-38 167 124 56-3 
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were approximately the same for the two groups. 
Again, the rates for ACh paralleled those for MeCh, 
and the same was true for BzCh and BuCh. The 
ratio between BzCh and BuCh hydrolysis more 
closely approached that seen in the sera showing 
insignificant BzCh hydrolysis than in the sera with 
high BzCh-hydrolysing activity. The hydrolysis of 
BzCh by the liver homogenates tended to reflect the 
activity of the sera, as was noted by Ellis (1947). 
However, rabbits A and G were notable exceptions 
in their respective groups. Furthermore, there was 
no suggestion of constancy in the ratio between 
BzCh and BuCh hydrolysis. As with the sera and 
intestines, the ratio for ACh and MeCh hydrolysis 
was relatively constant. 

The parallelism between the hydrolysis of ACh 
and MeCh by each of the preparations suggests that 
the same enzyme was responsible for most of these 
activities; by Mendel’s criteria, this would be con- 
sidered a ‘true’ (aceto-) ChE. The differences in the 
ratios of hydrolysis of BzCh and BuCh by the sera of 
the two groups indicated that more than one enzyme 
hydrolyses one or both of these esters, a possibility 
which Levy (1951) suggested. One of these serum 
enzymes might be identical with an enzyme in the 
intestines of both groups which hydrolyses the 
two substrates. It seems unlikely that the intestinal 
enzyme corresponds with the serum BzChE which is 
high in one group, because of the difference in the 
ratios of BzCh and BuCh hydrolysis by those sera 
and by the intestines of both groups. The great 
variations among the hydrolysis ratios and 
absolute values with BzCh and BuCh by the livers 
affords little evidence concerning the possible 
identity of the enzymes concerned with those of the 
sera or intestines. 


Il. The partial purification and substrate 
patterns of rabbit ChE’s 


Ellis (1947) and Levy (1951) reported unsuccessful 
attempts to separate the BzCh- and atropine- 
hydrolysing activities of rabbit plasma by fractiona- 
tion with ammonium sulphate, although they 
presented convincing evidence that different en- 
zymes acted on these substrates. The latter author 
was likewise unable to separate, by the same 
technique, the plasma enzymes responsible for the 
hydrolysis of BzCh and MeCh. In developing a 
histochemical method for localizing ChE’s in cat 
tissues, it was found that specific (aceto-) and non- 
specific (butyro-) ChE’s were precipitated to con- 
siderably different degrees at various concentrations 
of sodium sulphate (Koelle, 1951). The same pro- 
cedure was therefore applied to rabbit serum and a 
homogenate of ileum. 


Method. To each of a series of centrifuge tubes were added 
2:0 ml. of pooled rabbit serum with high BzCh-hydrolysing 
activity, maleate buffer (Temple, 1929), and varying 
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amounts of distilled water and 40% (w/v) anhydrous 
Na,SO, solution to produce a final volume of 10-0 ml. and 
pH of 8-65+ 0-20, with Na,SO, concentrations ranging from 
12 to 28%. After standing for 30 min. at room temperature, 
the tubes were centrifuged for approximately 20 min. at 
4000 rev./min. The clear solutions were removed from the 
precipitates and discarded after determining the pH values 
by means of a Beckman glass-electrode instrument. The pre- 
cipitates were dissolved in 0-85 % NaCl solution and brought 
to a volume of 5-Oml. It was found that amounts of 
Na,SO, and buffer equivalent to those carried over with the 


Rabbit serum ChE’s 


Recovery (%) 





4 8 12 16 20 24 28 
Na2SO, (%) 
120 Rabbit ileum ChE’s 
100 


@o 
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Recovery (%) 
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40 
MeCh 9 
a BuCh @ 
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12 16 20 24 28 
NaSO, (%) 


4 8 


Fig. 1. The precipitation of BzCh- and MeCh-hydrolysing 
activities of pooled rabbit sera (upper chart) and of 
BuCh- and MeCh-hydrolysing activities of the super- 
natant of a homogenate of rabbit ileum (lower chart) at 
different concentrations of Na,SO,. Serum precipitations 
done at pH 8-65+0-20, ileum homogenate precipitations 
at pH 6-00+0-20. 


precipitates did not cause significant changes in apparent 
enzymic activity when added directly to the Warburg 
vessels; hence, dialysis of the redissolved precipitates was 
not performed. Samples were assayed for BzCh and MeCh 
hydrolysis by the method described in the preceding section ; 
2-0 ml. of pooled plasma brought directly to 5-0 ml. with 
saline solution served as the control. Essentially the same 
procedure was conducted using the supernatant fluid of a 
centrifuged sample of the homogenate of ileum F as the 
source of enzyme. Here, the mixtures were adjusted to 
pH 6-00+0-20, and BuCh and MeCh were used as sub- 
strates in the assays. In running recovery tests of serum 
ChE’s at this pH, the fineness of the resulting precipitates 
rendered separation by centrifugation impracticable. 
Accordingly, precipitates were collected on no. 3 Whatman 
filter paper and recovered quantitatively by immersing the 
papers in saline solution in graduated centrifuge tubes 
overnight, bringing to the desired final volume with 
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allowance for the volume of the filter paper, comminuting, 
centrifuging, and decanting the enzyme solutions. 


Results. The results of the Na,SO,-precipitation 
recovery tests are shown in Fig. 1. The values ob- 
tained when the serum enzymes were precipitated 
at pH 6-0+0-2 differed only slightly from those 
illustrated for pH 8-65 + 0-20. 

The percentage recoveries of the BzCh-hydro- 
lysing activity of serum and the BuCh-hydrolysing 
activity of the ileum differed considerably from the 
recoveries of the MeCh-hydrolysing activity at 
concentrations of Na,SO, from 8 to 20%. These 
differences permitted the separation of the enzymes 
concerned, as described below. 


Methods. A 93-0 ml. sample of sera with high BzCh- 
hydrolysing activity, pooled from three rabbits, was used for 
the separation of the enzyme responsible for this effect from 
the MeCh-hydrolysing enzyme. At each stage, the mixture 
was brought to pH 8-9+0-6 by the addition of 40% 
Na,SO, solution and maleate buffer. Each step is listed 
below in terms of the final concentration of Na,SO,, the 
time it was allowed to stand at room temperature prior to 
centrifugation, and the portion used in the succeeding step 
(precipitate or solution). All precipitates were dissolved in 
0-85% NaCl and stored in the refrigerator until being 
brought to room temperature for subsequent precipitation. 
Steps: (1) 16%, 20min., solution; (2) 24%, 20 min., 
precipitate; (3) 20%, 30 min., solution; (4) 24%, 30 min., 
precipitate; (5) 20%, 30 min., solution; (6) 24%, 30 min., 
precipitate. The final precipitate was dissolved and brought 
to a total volume of 20-0 ml. with 0-85% NaCl and desig- 
nated as ‘serum BzChE’. 

Serum (93 ml.), pooled from three rabbits with low BzCh- 
hydrolysing activity, was used for the isolation of the 
MeCh-hydrolysing enzyme. The procedure employed was 
similar to that described above, and the steps were as 
follows: (1) 16%, 20 min., precipitate; (2) 16%, 20 min., 
precipitate; (3) 8%, 30 min., solution; (4) 16%, 30 min., 
precipitate; (5) 16%, 30 min., precipitate. The final pre- 
cipitate was dissolved and brought to a total volume of 
20-0 ml. with 0-85°% NaCl and designated as ‘serum aceto- 
ChE’. 

The homogenates of the small intestines of four rabbits, 
prepared as described in the preceding section, were pooled 
and centrifuged, and a 193 ml. portion of the supernatant 
was used for the isolation of the BuCh-hydrolysing enzyme. 
Subsequent to the first step, precipitates were collected on 
Whatman no. 3 filter paper; otherwise, the procedure was 
similar to that described above. Steps: (1) 5%, 30 min., 
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solution ; (2) 25%, 30 min., precipitate; (3) 15%, 120 min., 
solution; (4) 25%, 16 hr., precipitate. The final precipitate 
was dissolved and brought to a total volume of 42-0 ml. with 
0-85% NaCl and designated as ‘intestinal butyro-ChE’. 

The protein concentrations of the starting materials and 
final preparations were determined by the trichloroacetic 
acid precipitation method described by Nachmansohn & 
Rothenberg (1947). 

Velocities of hydrolysis at various substrate concentra- 
tions were determined by the same method as described in 
§I. CO, production was followed for 5-60 min., depending 
upon the period during which rates remained constant. As 
a basis for comparison, similar determinations were con- 
ducted with a preparation of horse serum non-specific 
(butyro-) ChE carried to the third stage of purification by 
the method of Strelitz (1944). 


Results. Relatively low degrees of purification, 
in terms of enzymic activity/mg. protein, were 
achieved by the foregoing procedures (Table 2). 
However, the fractionations gave nearly complete 
separation of MeCh- from BzCh- or BuCh-hydro- 
lysing activity, as indicated by the accompanying 
substrate-activity curves (Fig. 2). The curves 
obtained with the serum aceto-ChE (Fig. 2a) are 
characteristic of those reported for aceto- (specific) 
ChE in other species (Augustinsson, 1949). ACh was 
hydrolysed at the greatest velocity of the four esters 
tested, and showed a sharp peak at a concentration 
of 0-003m. MeCh was hydrolysed at increasing 
rates with increasing substrate concentration; the 
hydrolysis of BuCh and BzCh was insignificant at all 
concentrations tested. The patterns for ‘serum 
BzChE’ (Fig. 2b) and ‘intestinal butyro-ChE’ 
(Fig. 2c) are quite similar and present a marked 
contrast with that for horse serum butyro-ChE 
(Fig. 2d). All three enzymes hydrolysed BuCh at the 
greatest velocity and BzCh at considerably lower 
rates. However, the curve for ACh with the horse 
serum enzyme occupies an intermediate position, 
whereas both the rabbit enzymes split ACh at rates 
considerably below those for BzCh. None of the 
three hydrolysed MeCh significantly. In order to 
test the possibility that the hydrolysis of ACh by the 
rabbit enzyme preparations might have been due to 
the presence of another esterase, summation studies 
were conducted with ACh, BuCh and BzCh at a 
concentration of 0-01mM. In Table 3 the sums of the 


Table 2. Activities of crude and partially purified enzyme preparations 


Enzyme preparation Substrate 
A Pooled sera BzCh 
B BzChE BzCh 
A Pooled sera MeCh 
B Aceto-ChE MeCh 
A Supernatant of intestinal homogenates BuCh 
B Butyro-ChE BuCh 


Activity ‘ 

Protein (umoles Activity per Concentration 
(mg./ml.) CO,/ml./hr.) mg. protein of activity 

(1) (2) (1) (B/A) 

74-0 7-69 0-104 3-4 

11-2 4-01 0-358 

74-4 7-85 0-105 6-7 

16-7 11-7 0-701 

15-5 9-11 0-588 2-9 

3°8 6-52 1-72 


—— 
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individual rates of hydrolysis and the rates observed 
with the mixtures are listed for each pair of sub- 
strates. In all cases, the observed rates were con- 
siderably below the sums for the substrates indi- 
vidually, and with one exception lower than the rate 
for the more rapidly hydrolysed ester of each pair. 


Rabbit serum specific ChE 
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neither is inhibited by either substrate (Adams, 
1949); furthermore, saturation concentrations of 
BuCh were not used. 

It will be noted that the ratio of BuCh to BzCh 
hydrolysis by the whole intestinal homogenates 
(Table 1) considerably exceeded that with the 


Rabbit serum ‘benzoyl-ChE’ 


a 
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Fig. 2. Substrate concentration-activity patterns of partially purified rabbit serum aceto-ChE (a) and BzChE (6), 
rabbit intestinal butyro-ChE (c) and horse serum butyro-ChE (d). 


Table 3. Summation studies of the hydrolysis of choline esters by purified rabbit and horse enzymes 


Hydrolysis rates (umoles CO,/ml./hr.) 
A 





= 
ACh BuCh BzCh 
Enzyme (1) (2) (3) 
Serum BzChE 1-88 9-90 3-50 
Intestinal butyro-ChE 3°34 12-20 4-60 
Horse serum butyro-ChE 536 1550 230 


(The value for the combination of ACh and BzCh 
with intestinal butyro-ChE is slightly in excess of 
that for BzCh alone.) These data indicate that in 
each case the same enzyme is responsible for the 
hydrolysis of all three substrates. However, it 
should be noted that this type of study is not 
completely conclusive, since it is based on the 
assumption that if more than one enzyme is present, 


B 
BuCh + BzCh 








ACh + BuCh ACh + BzCh 
c — ~ c 7 t ~Y 
(1) +(2) Obs. (1) +(3) Obs. (2) +(3) Obs. 
11-78 9-30 5-38 3-34 13-40 5-14 
15-54 11-80 7-94 4-98 16-80 8-04 
2086 1350 766 208 1780 314 


partially purified intestinal enzyme in the same 
range of substrate concentration (Fig. 2c). If it is 
assumed that the same enzyme in each type of pre- 
paration was chiefly responsible for the hydrolysis of 
both esters, an explanation for the discrepancy 
must be sought. One possibility is that an activator 
or inhibitor which affected the rate of hydrolysis of 
one substrate more than that of the other was 
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removed during the purification; the matter is 
under investigation at present. 

The close resemblance between the substrate 
patterns of the partially purified serum BzChE 
and intestinal butyro-ChE suggests that the two 
enzymes are identical, in spite of the differences in 
the ratios of BzCh and BuCh hydrolysis found with 
the whole preparations. This question was investi- 
gated further in the inhibition studies which follow. 


III. The effects of inhibitors on the choline 
ester-hydrolysing enzymes of rabbit sera and tissues 


The sensitivity to eserine of both aceto- and 
butyro-ChE’s, as compared with other esterases, 
has been demonstrated by Mendel and associates 
(Mendel & Rudney, 1943; Myers & Mendel, 1949). 
Ditsopropyl fluorophosphonate (DFP) has been 
shown to inhibit most butyro-ChE’s at lower con- 
centrations than those required for the inhibition 
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both BzChE and butyro-ChE activities, and 0-03M-MeCh 
for aceto-ChE. In addition to the enzyme preparations 
described above, a homogenate was prepared from the 
pooled superior cervical ganglia of four rabbits by grinding 
with powdered silica and distilled water in a porcelain 
mortar and bringing to a final concentration of 29 mg. wet 
weight of ganglia/ml. It has been shown that the degree of 
ChE inhibition obtained with TEPP in vitro is modified by 
the concentration of enzyme and the presence of proteins 
and other tissue constituents which can combine with the 
inhibitor (Hobbiger, 1951). Hence, results with the purified 
preparations and the various homogenates probably cannot 
be considered strictly comparable. However, inhibition 
studies conducted with the three reversible inhibitors and a 
specimen of pooled rabbit serum indicated that over a ten- 
fold range of concentration of enzyme and protein, the 
differences of inhibition obtained (Table 4) did not approach 
those seen with the different preparations of enzymes. This 
factor therefore probably played a minor role in the results 
obtained, with the probable exception of the ganglion 
homogenate (see below). 


Table 4. Effect of enzyme concentration on inhibition by reversible inhibitors 


(All determinations conducted with pooled serum containing high BzChE activity, using 0-01M-BuCh as substrate; 
CO, production measured during 70 min. period for A, 40 min. for B, 10 min. for C.) 


Percentage control activity 


Concentration A B Cc 
Inhibitor (M) 0-1 ml. serum 0-3 ml. serum 1-0 ml. serum 
Eserine 10-5 38-4 39-0 54-9 
Nu-1250 10-6 86-5 76-9 78-1 
Nu-683 3x 10-7 45-5 43-5 58-2 


of aceto-ChE’s (Hawkins & Mendel, 1947). The 
neostigmine analogues Nu-683 (the dimethyl- 
carbamate of (2-hydroxy -5-phenylbenzy)) -tri- 
methylammonium bromide) and Nu-1250 (the 
N-p-chlorophenyl-N-methylearbamate of m-hydr- 
oxyphenyltrimethylammonium bromide) inhibit 
selectively butyro- and aceto-ChE’s, respectively 
(Hawkins & Gunter, 1946; Hawkins & Mendel, 
1949). The effects of the foregoing inhibitors on the 
initial and purified enzyme preparations were 
studied in an attempt to clarify further their 
identities. 


Method. ChE determinations were conducted as de- 
scribed in § I. DFP was prepared as a 0-1 m stock solution in 
anhydrous propylene glycol; the other inhibitors were 
stored in the refrigerator as 0-01 M-aqueous stock solutions, 
freshly prepared each week. Dilutions were prepared im- 
mediately prior to use and were added to the enzymes in the 
main wells of the vessels approximately 30 min. before 
tipping in the substrates; during half of this time they were 
at room temperature and the other half at the temperature 
of the water bath (38°). In determinations with the irre- 


versible inhibitor DFP and the purified enzyme prepara- 
tions, 0-006m-BzCh and 0-01mM-BuCh were employed as 
substrates for the serum aceto-ChE and intestinal butyro- 
ChE, respectively. However, in the presence of the re- 
versible inhibitors, the inhibition of BzChE was markedly 
influenced by the substrate employed (Table 4). Hence, 
BuCh was used throughout for measuring the inhibition of 


Results. The partially purified serum BzChE and 
intestinal butyyro-ChE were inhibited practically to 
the same degrees by DFP over a wide range of 
concentrations (Table 5). The serum aceto-ChE was 


Table 5. The inhibition of partially purified rabbit 





ChE’s by DFP 
Percentage control activity 
£ —- * 
DFP Serum Intestinal Serum 
concentration BzChE butyro-ChE aceto-ChE 
(M) (BzCh) (BuCh) (MeCh) 
17? 0 2 0 
3x10? 1 0 10 
10-7 6 a 46 
3x10-* 31 24 80 
10-8 72 74 90 


more resistant to the inhibitor, although the 
difference was not as marked as with the specific 
and non-specific ChE’s of other species (Hawkins & 
Mendel, 1947). In the presence of the three re- 
versible inhibitors, the intestinal butyro-ChE was 
considerably more inhibited than the serum 
BzChE. The concentrations at which the differences 
were most marked were selected for comparison 
with the whole homogenates and sera (Table 6). The 
serum aceto-ChE exhibited characteristic sensi- 
tivity to inhibition by eserine and Nu-1250 and 
relative resistance to Nu-683. 


| 


f 


1 


sa 


pr 





ee 





Vol. 53 


CHOLINESTERASES OF RABBITS 


223 


Table 6. Inhibition of partially purified cholinesterases and cholinesterases of sera 
and homogenates of rabbit tissues 


Percentage control activity 


SY’ YX > 


Enzyme Substrate 
Partially purified: 
Serum aceto-ChE MeCh 
Serum BzChE BzCh 
Serum BzChE BuCh 
Intestinal butyro-ChE BuCh 
Serum A BuCh* 
Serum B BuCh 
Serum C BuCh 
Serum D BuCh 
Liver A BuCh 
Liver B BuCh 
Liver C BuCh 
Liver D BuCh 
Ileum B BuCh 
Ileum D BuCh 
Sup. cerv. ganglia BuCh 


Eserine Nu-1250 Nu-683 Nu-1250 
(10-5m) (10-*m) (3 x 10-7) (10-§m) 
1 0 62 18 
84 87 57 100 
41 64 50 97 
3 19 15 62 
2 8 5 13* 
0 4 7 16 
47 83 67 15 
42 77 52 17 
68 55 17 
9 83 12 21 
13 71 34 25 
35 82 80 22 
5 31 20 16 
13 15 16 13 
0 3 2 18 


* With sera and homogenates, butyrylcholine was used as substrate in presence of all inhibitors excepting 


10-*m- Nu-1250, where acetyl-8-methylcholine was used. 


The hydrolysis of MeCh by the sera and various 
homogenates was inhibited practically to the same 
extent by Nu-1250 as was the activity of the 
purified preparation of serum aceto-ChE. This 
indicates that the same type of aceto-ChE is present 
in all the tissues studied. 

The BuCh-hydrolysing activities of the sera of 
rabbits A and B (insignificant BzChE activity) and 
of the ileum of a rabbit of each group (B and D) were 
inhibited approximately to the same extent by the 
three reversible inhibitors as was the purified 
intestinal butyro-ChE, suggesting the common 
identity of the enzyme concerned. The degrees of 
inhibition of the ganglionic BuCh-hydrolysing 
enzyme were somewhat greater, although this 
might have been due to the extremely small amount 
of tissue present in the reaction mixtures. 

As would be expected, BuCh hydrolysis by sera C 
and D (high BzChE activity) was inhibited to the 
same degree as the partially purified serum BzChE 
preparation. 

The inhibition of BuCh hydrolysis by the liver 
homogenates followed the pattern of neither of 
the partially purified BuCh-hydrolysing enzymes. 
Three of the four homogenates were relatively 
sensitive to eserine, all were relatively resistant to 
Nu-1250, and wide variation of inhibition was en- 
countered in the presence of Nu-683. These findings 
confirm the indication of the earlier part of the 
study, that the livers contain at least one BuCh- 
hydrolysing enzyme distinct from both the purified 
preparations. 


IV. The histochemical localization of the 
ChE’s of rabbit tissue 


The histochemical localizations of specific (aceto-) 
and non-specific (butyro-) ChE’s in several tissues of 
the cat have been described and discussed in terms 
of their possible physiological roles (Koelle, 1951). 
The present finding of the relatively low rate of 
hydrolysis of ACh by the butyro-ChE of the rabbit 
tissues examined made it of interest to determine its 
cellular localizations, as well as those of the aceto- 
ChE. 


Method. The procedure employed was similar to that 
described for cat tissues (Koelle, 1951) with the modifica- 
tions mentioned below. It was found in preliminary War- 
burg determinations that the purified enzyme preparations 
hydrolysed acetylthiocholine (AThCh) and butyrylthio- 
choline (BuThCh), the histochemical substrates, at con- 
siderably greater velocities than their respective oxygen 
analogues, and that the relative substrate selectivities of 
the aceto- and butyro-ChE’s remained the same with the 
thio-esters. Fresh frozen sections of ileum, jejunum and 
superior cervical ganglion were cut at 10. and incubated 
for 60 min. in media containing AThCh (following pre- 
liminary treatment with 10-°m-DFP for 30min.) or 
BuThCh, for the demonstration of aceto- or butyro-ChE’s 
respectively. The left superior cervical ganglia of four rabbits 
(two with high, two with low serum BzChE) were examined 
14 days after sectioning of the preganglionic trunks; the 
right ganglia of the same animals were sectioned and 
stained at the same time. All storage and incubation media 
contained a final concentration of 24% Na,SO, to eliminate 
enzymic diffusion artifacts. When 10-°m-eserine was in- 
corporated in the incubation medium containing BuThCh or 
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10-§m-Nu-1250 was included with the AThCh medium, 
sections of all the above tissues remained unstained, con- 
firming the identity of the stained areas as sites of butyro- 
ChE and aceto-ChE activities, respectively. Following 
precipitation of CuS, the sections were gold-toned to 
intensify staining. 


vesulits. The tissues examined from rabbits with 
high or low serum BzChE activities were identical 
in respect to the distributions and activities of aceto- 
and butyro-ChE’s. 
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heavily stained fibres throughout the ganglion as 
ramifications of the preganglionic trunk was con- 
firmed by their absence in the ganglia which had 
undergone preganglionic sectioning 2 weeks pre- 
viously (Fig. 3b). As in the cat, butyro-ChE 
activity was confined to the glial and sheath cells 
(Fig. 3c) and showed no significant difference in the 
denervated ganglia. 

The distributions of the ChE’s in the ileum and 
jejunum were similar, and also exhibited certain 





Fig. 3. Histochemical localizations of ChE’s of rabbit superior cervical ganglion. (a) Normal ganglion, aceto-ChE; 
(6) opposite ganglion of same rabbit, preganglionic trunk sectioned 14 days previously, aceto-ChE; (c) normal 


ganglion, butyro-ChE. 


(a) 


ey 





Fig. 4. Histochemical localization of ChE’s of rabbit intestine. Transverse sections. (a) Jejunum, aceto-ChE; 
(b) jejunum, butyro-ChE; (c) ileum, butyro-ChE. 


In the superior cervical ganglion, the two types of 
enzyme showed the same general distributions as 
noted previously in the cat, with one quantitative 
difference. In the latter species, only occasional 
ganglion cells showed significant aceto-ChE activity, 
and most of the enzyme was associated with the 
preganglionic fibres and their ramifications (Koelle, 
1951). In the rabbits, practically all the ganglion 
cells exhibited moderate aceto-ChE activity, 
although occasional cells stood out as having much 
higher activity (Fig. 3a). The identification of the 


quantitative differences from the distribution 
patterns previously reported in the cat. In both 
species, aceto-ChE was found in the ganglion cells of 
the myenteric and submucosal plexuses and in the 
nerve fibres running between the plexuses and 
within the muscular layers, submucosa and villi. In 
the rabbit, aceto-ChE was also present in low con- 
centrations in cells throughout the muscular layers 
and around the plexuses which appeared identical 
with the so-called interstitial cells (Fig. 4a). The 
latter elements seemed to represent the chief site of 
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butyro-ChE activity in the rabbit intestine, whereas 
the smooth muscle fibres showed relatively low 
activity. In addition, the enzyme was present in 
varying concentrations in the ganglion cells and in 
the mucosal cells (Fig. 46, c). In the cat’s ileum, 
much greater concentrations of non-specific or 
butyro-ChE were found in the membranes of the 
muscle fibres themselves, particularly in the 
longitudinal layer. 


DISCUSSION 


The foregoing findings indicate that rabbit tissues 
and sera contain an aceto-ChE which is similar in its 
properties and distribution to those of other species. 
The chief butyro-ChE of the intestinal tract and 
superior cervical ganglion resembles the correspond- 
ing enzyme of other mammalians studied, in respect 
to its susceptibility to inhibitors and qualitative 
distribution, but differs in its extremely low velocity 
of ACh hydrolysis. In addition, the presence of a 
BzChE in the serum of certain rabbits has been 
confirmed, and evidence has been obtained for the 
presence in liver of at least one more enzyme, 
distinct from the three mentioned, which hydro- 
lyses choline esters at significant rates. 

The physiological significance of aceto-ChE has 
been reviewed exhaustively, and the present results 
contribute no evidence to modify existing concepts 
of its function. Of greater interest are the questions 
raised by the substrate patterns obtained with 
rabbit butyro-ChE and BzChE. In view of their 
total substrate patterns, previous investigators 
(Augustinsson & Nachmansohn, 1949) have mini- 
mized the likelihood that the butyro-ChE’s of other 
species function primarily for the hydrolysis of 
ACh; present findings in the rabbit strengthen this 
viewpoint. References cited in the introduction 
indicate that in the gastro-intestinal tract butyro- 
ChE is of importance in modifying motility. In 
other autonomic effector organs in the rat, it is 
present in far greater concentrations than aceto- 
ChE (Ord & Thompson, 1950). The question thus 
arises as to the physiological substrate and function 
of this enzyme. Chang & Gaddum (1933) originally 
subjected extracts of various tissues to a number of 
pharmacological assays which indicated that ACh 
was the chief choline ester present. However, they 
stressed the limitations imposed on the identifica- 
tion by the presence of interfering substances in 
tissues and by the lack of specificity of most of the 
tests employed. Subsequent studies of the ACh 
content of various tissues have been based largely 
upon assays with a single test-object, usually the 
eserinized frog’s rectus muscle, which does not 
distinguish between ACh and other choline esters or 
closely related compounds. It is of interest to note 
m this respect that propionylcholine has recently 
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been identified in ox spleen by a chromatographic 
method (Banister, Whittaker & Wijesundera, 
1951) and a ChE which hydrolyses this ester with 
maximal velocity has been obtained from the rat’s 
heart (Ord & Thompson, 1951). Likewise, Nach- 
mansohn and associates (Nachmansohn, Hestrin & 
Voripaieff, 1949) presented evidence that an 
acetylating system of rabbit brain forms a com- 
pound with ACh-like biological activity which is 
chemically distinct from ACh. These findings 
indicate that the cholinergic mediator may not 
consist of ACh alone but of ACh and one or more 
related compounds, a possibility which Whittaker 
(1951) has suggested. The analogy with the demon- 
stration in recent years of the dual nature of the 
adrenergic transmitter is obvious. The search for 
other ACh-like compounds and the elucidation of 
their roles as transmitting agents or ‘local hormones’ 
(Burn, 1950) should produce significant develop- 
ments in the field of autonomic physiology in the 
near future. 

The histochemical localizations of butyro-ChE in 
the superior cervical ganglion and intestine deserve 
comment. Recent experiments have indicated that 
the inactivation of the comparable enzyme of the 
cat has little or no effect on transmission in the 
superior cervical ganglion, in contrast to the marked 
potentiation obtained when the aceto-ChE is 
inhibited (Kamijo & Koelle, 1952). The early 
suggestion of Feldberg & Vartiainen (1934) that 
ganglionic ChE may serve primarily as a ‘buffer’ 
against the spread of the transmitting agent may 
apply in a modified sense to the butyro-ChE at 
ganglionic sites. The controversial subject of the 
nature of the interstitial cells of the intestine was 
reviewed by Li (1940), who considered them in all 
probability to be primitive ganglion cells which 
played some role in the regulation of intrinsic 
conduction and rhythmic contractions. The present 
finding of their high content of butyro-ChE lends 
support to this opinion. 


SUMMARY 


1. The rates of hydrolysis of acetylcholine 
(ACh), acetyl-8-methylcholine (MeCh) benzoyl- 
choline (BzCh) and butyrylcholine (BuCh) by the 
sera, intestines and livers of rabbits have been 
studied. Sera of rabbits with high benzoylcholin- 
esterase (BzChE) activity also hydrolysed BuCh at 
a high rate in comparison with the sera of rabbits 
with insignificant BzChE activity. The livers of the 
former group likewise showed higher average values 
for BzCh and BuCh hydrolysis, but this finding was 
not constant. There was no significant difference 
between the sera of the two groups in respect to 
ACh or MeCh hydrolysis, or in the rates of hydro- 
lysis of all four substrates by the intestines. 
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2. By means of fractional precipitation with 
sodium sulphate, the aceto-ChE and BzChE of the 
sera and the butyro-ChE of the intestines were 
partially purified and their substrate patterns 
determined. The pattern of the aceto-ChE was 
similar to that of other species. The patterns of the 
serum BzChE and intestinal BuChE were nearly 
identical, and contrasted with that of horse serum 
butyro-ChE in their relatively low rates of ACh 
hydrolysis. 

3. Inhibition studies indicated that the serum 
BzChE and intestinal BuChE are two distinct 
enzymes. The liver appears to contain at least one 
additional enzyme capable of hydrolysing choline 
esters at significant rates. 

4. The qualitative distributions of aceto-ChE 
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and butyro-ChE in the ileum, jejunum and superior 
cervical ganglion were found by histochemical 
examination to be similar to those of the corre- 
sponding enzymes of the cat. Certain semi-quanti- 
tative differences were noted. 
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' The Determination of Iron in Blood Plasma or Serum 


By W. N. M. RAMSAY 
Department of Biochemistry, University of Edinburgh 


(Received 20 June 1952) 


? Some time ago it became necessary in this depart- 
ment to have a rapid and reliable method for the 
determination of iron in blood serum or plasma. The 
method was required for teaching purposes on 
human subjects and for investigations on iron meta- 
bolism in various species. Since none of the 
published techniques seemed quite suitable, a new 

{ one was based on the experience of the author 

| (Ramsay, 1951, 1952) in determining non-haem iron 
in the chick embryo and its liver. The new method is 
described here, with illustrative examples of its use 
and comparisons with the.results of others. 

The separation of iron from the proteins of blood 
plasma has long been known to be a matter of 
difficulty. Barkan (1927) observed the serum iron 
to be neither dialysable nor ultrafiltrable, but 
claimed that it could be made so by incubation of 
the serum with dilute hydrochloric acid. Fow- 
weather (1934) demonstrated the retention of a 
substantial proportion of the plasma iron by a 
trichloroacetic acid protein precipitate, and deter- 
mined iron in the serum after wet ashing with 

| sulphuric acid and hydrogen peroxide. This pro- 
cedure is tedious, involves the use of relatively large 

quantities of reagents liable to be contaminated 
with iron, and may under certain conditions lead to 
loss of iron. A similar technique was employed by 

Moore, Arrowsmith, Quilligan & Read (1937). 

Tompsett (1934) believed that Fe**, but not Fe", is 

adsorbed to the precipitated protein, and added 


Authors 
Moore et al. (1937) — 


Vahlquist (1941) _ 
Powell (1944) << 
Cartwright, Huguley, Ashen- 


brucker, Fay & Wintrobe (1948) 
Cartwright & Wintrobe (1949) 


Rath & Finch (1949) 


Method* 


Kitzes et al. (1944) 
Barkan & Walker (1940) 


Barkan & Walker (1940) 


Kitzes et al. (1944) 


thioglycollic acid before a trichloroacetic acid pre- 
cipitation. The majority of later workers (e.g. 
Moore, Minnich & Welch, 1939; Barkan & Walker, 
1940; Vahlquist, 1941; Powell, 1944; Laurell, 1947; 
Tompsett & McAllister, 1949) have made use of 
Barkan’s (1927) observation and have incubated the 
plasma or serum for periods of 30 min. to 16 hr. with 
hydrochloric acid in concentrations ranging from 
less than 0-1N to about 2N before precipitating 
proteins with trichloroacetic acid. The possibility of 
subsequent physical or chemical reaction between 
the dissolved iron and the precipitated protein does 
not seem to have been envisaged, unless perhaps by 
Kitzes, Elvehjem & Schuette (1944), who heated the 
plasma to denature the proteins and extracted iron 
by two treatments with hot trichloroacetic acid. In 
all methods the iron is finally determined colori- 
metrically, with such reagents as o-phenanthroline, 
2:2’-dipyridyl or thiocyanate. Table 1 gives some 
typical examples, chosen from the numbers 
scattered through the literature, of the results ob- 
tained by applying these methods to normal human 
subjects. It will be seen that the means range from 
94 to 143 ng./100 ml., and that usually the values for 
women are lower than those for men. Results ob- 
tained by the use of the method described here 
suggest strongly that the true normal average is 
distinctly higher than the figures in Table 1. 

The new method is based on the idea of replacing 


Table 1. Normal serum or plasma iron concentrations previously reported 


the metal-combining globulin of the plasma 

Serum or 
No. and sex plasma Fe 

of cases (ug./100 ml.) $.D. 

15 M. 122 26 

15 F. 98 24 

50 M. 142 43 

50 F. 120 32 

35 M. 143 24 

35 F. 117 27 

49 M. 105 30 

43 F. 104 36 

15 M. 127 29 

15 F 123 19 

15 M. 106 18 

15 F. 94 19 


* No reference is given in this column when the authors quoted used their own method. 
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(Surgenor, Koechlin & Strong, 1949) by another co- 
ordinating reagent under conditions which render 
reversibility of the reaction very unlikely. 2:2’- 
Dipyridy] (first used for iron determinations by 
Hill, 1931) was selected because it reacts only with 
ferrous iron, and excess reducing agent must be 
added which will prevent any reversion to the 
original ferric form; because the ferrous-dipyridyl 
complex ion is highly coloured; and because the 
complex is quite stable at a pH which permits the 
removal of the plasma proteins by filtration after 
coagulation by heat. 


METHOD 


It must be emphasized that, if interference from extraneous 
iron is to be avoided, the following precautions are obli- 
gatory: all glassware must be cleaned in the usual way, 
boiled with 5n-HCl (A:R.), and rinsed with distilled water 
only. HNO, may be used instead of HCl, but cleaning by 
soaking in K,Cr,0,.H,SO, is not an adequate substitute for 
the final acid treatment. All chemicals used should be of 
A.R. grade, and must be tested to ensure their comparative 
freedom from iron. It is important to use an aluminium or 
other non-ferrous water bath, and to fill this with distilled 
water. The reagent ‘blank’ in this laboratory amounts to 
about 0-3 ug./estimation. 

The method is suitable for application to serum, or to 
plasma from heparinized or oxalated blood. Haemolysed 
specimens should not be used, as some of the haem Fe 
present may react under the usual conditions. In sera of no 
more than average bilirubin content, as little as 20 yg. 
oxyhaemoglobin Fe/100 ml. may be detected by eye, but in 
cases of doubt a pocket spectroscope should be used. 

Reagent. Acetate buffer 0-5m, pH 5, containing 2:2’- 
dipyridyl, 0-075%, and hydroxylamine HCl, 0-1%. The 
composition of the reagent is not critical in any respect. It is 
stable for months in a brown bottle, kept away from direct 
sunlight. 

Sufficiently accurate standard solutions may be made 
from either ferrous or ferric ammonium sulphate. 

Procedure. Plasma or serum (2 ml.) is pipetted into a tube 
(5 x 3 in.) graduated at 7-5 ml. The reagent (5 ml.) is added, 
and water to the mark. The contents are thoroughly mixed 
by careful stirring, and the tube is heated for 5 min. in a 
boiling-water bath in such a way that the water level is 
above the graduation on the tube. During the heating the 
ferrous dipyridyl complex is formed and the proteins are 
coagulated. The tube is allowed to cool thoroughly, and 
sharply shaken to break up the gelatinous precipitate, which 
is then removed by filtration through a 7 em. paper (no. 42; 
coarser papers, and those not washed with HCl, are un- 
suitable). The intensity of the pink colour is measured in the 
Unicam D.G. spectrophotometer set to 520 my., using 1 em. 
cells. For other photometric apparatus it may be necessary 
to scale up the method, as these cells conveniently require 
only 3ml. fluid. For instruments which employ filters, 
Ilford 604 or 624 should be chosen. For a ‘blank’ solution, 
an appropriate mixture of the reagent and distilled water is 
used. If minimal quantities of sodium oxalate (A.R.) or 
heparin (‘Liquemin’ Roche) are used as anticoagulants, 
these introduce no error and need not be included in the 


‘blank’. 
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RESULTS 


Reproducibility. The standard deviation of a single 
determination from the mean, calculated indirectly 
as suggested by Dahlberg (1940) from seventy con- 
secutive duplicate analyses on specimens of human 
plasma from oxalated blood, was + 5-1 p»g./100 ml. 
blood, or about 2-8%. Some routine duplicate 


5 
{ 


analyses may be seen in Tables 3, 5 and 6. Twelve | 


analyses on a single specimen of sheep serum (which 
contains more iron than human serum) gave the 
following results: 320, 310, 300, 323, 304, 300, 313, 
300, 317, 317, 304 and 362 ,yg./100 ml. All these 
results lie close to the mean except the last, which is 
about six standard deviations (s.D.+ 8-6, 2-8%) 
higher than the mean (310 pg./100 ml.) obtained ifit 
is omitted from the calculations. Such discrepancies 
are very rare. 

Recoveries. Table 2 gives the results of a number 
of recovery experiments in which small volumes 
(0-1—0-3 ml.) of standard ferric ammonium sulphate 
solution were added to 2 ml. portions of plasma. The 
quantities of iron added were kept small enough to 
be well within the iron-binding capacities of the 
plasmas analysed. The total concentration of iron, 
including the added material, ranged from 205 to 
265 pg./100 ml. It was felt that recoveries of larger 
amounts of iron would not form a sound test of the 
method, and that under these difficult circum- 
stances recoveries of 83-110% may be considered 
very satisfactory. 


Table 2. Recoveries of iron added to 2 ml. plasma 


Fe added Fe recovered 

Plasma (ug-) (ug-) % 

A 1-66 1-38 83 

1-66 1-49 90 

B 1-66 1-83 110 

1-66 1-58 95 

C 2-00 1-94 97 
D 2-00 1-99 99-5 
2-00 1-99 99-5 

E 2-66 104 

2-90 100 

F 3°33 107 

3-33 99 





Comparison of serum and plasma. In Table 3 are 
presented figures which show that serum, oxalate 
plasma and heparin plasma give virtually identical 
results. For these analyses a single specimen of 
blood was drawn into a 20 ml. syringe and divided 
into separate portions afterwards. The figures also 
show that oxalate and heparin in the low concentra- 
tions used for the inhibition of the coagulation of 
blood neither interfere with the determination nor 
contribute significant quantities of iron to the 


‘blank’. 
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Table 3. Iron content (yg. Fe/100 ml.) of serum, 
oxalate plasma and heparin plasma 


Serum Oxalate plasma § Heparin plasma 
216 —_ 207 
191 —_— 187 
— 139 139 
— 142, 145 145, 152 
— 145, 145 149, 149 
— 200, 194 207, 203 
113 110 _ 
174, 181 178, 184 — 
203, 207 200 — 
129 129, 126 — 


Effect of haemolysis. A number of experiments 
were done in which measured quantities of haemo- 
lysed erythrocytes (standardized for total iron by 
the method of Ramsay, 1952) were added to plasma 
or serum of known iron concentration. The mixtures 
were analysed for plasma iron and observed visually 
and spectroscopically. It is clear from the results of 
the experiment quoted in Table 4 that no danger 
need be expected from haemolysis unless this is 
easily perceptible. 


PLASMA IRON 
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were selected. The first is typical of the hydrochloric 
acid-incubation techniques, and although the 
second is based on rather different principles the 
two have been found (see Table 1) to give results of 
the same order. It is obvious from Table 5 that the 
new method does in fact give higher results, 
although the values obtained by the use of the 
published methods are similar to those now accepted. 
Oxalate plasma was used for the comparisons with 
the method of Kitzes et al. (1944), serum for those 
with that of Barkan & Walker (1940). 

Diurnal variation. It has frequently been claimed 
that the plasma iron varies daily in that early 
morning values are higher than those obtained in the 
afternoon or evening. The most extensive investiga- 
tions of this point have been made by Hoyer (1944), 
and the most recent by Hamilton, Gubler, Cart- 
wright & Wintrobe (1950). The matter has been the 
subject of controversy, and seemed suitable for 
investigation by the new method. Blood specimens 
taken from each of seven normal male subjects at 
8.45a.m. after a light breakfast and again at 
5.15 p.m. were analysed. 


Table 4. Effect of haemolysis on plasma iron 


Haem Fe 
added 
(ug-/100 ml.) Appearance of plasma 
0 Deep yellow; turbid 

15 Orange-yellow 
37-5 Deeper orange-yellow 
75 Orange 

112-5 Pinkish orange 


Comparison with other methods. As the general 
level of the results obtained by the new method was 
distinctly higher than the accepted averages, it 

Table 5. Comparison with earlier methods 


Serum or plasma Fe (yg./100 ml.) 





c ~ 
Barkan & Walker Kitzes et al. 
(1940) (1944) 
(serum) (plasma) This method 
52, 57 —_ 110, 113 
106, 111 — 142, 148 
107 — 191 
165, 176 -— 229, 236 
157, 159 — 210, 203 
159, 147 _- 203, 207 
- 109, 122 178, 168 
72 124 
111 156 
— 183 216 
— 126, 108 181, 174 
90, 84 178, 171 
112 184 
— 136, 136 174, 171 


seemed important to make comparisons on the same 
specimens of plasma. For this purpose the methods 
of Barkan & Walker (1940) and Kitzes et al. (1944) 


Spectroscopic examination 


«-Band of HbO, doubtful 
a-Band visible; B-band doubtful 
Both bands clearly visible 

Both bands marked 


Plasma Fe 
(ug-/100 ml.) 
258, 255, 258 
258, 265 
268, 265 
281 
304, 314 


The experiments were done at different times and 
run in conjunction with other analyses, none of 


which showed any unexpected trend. In all seven 
cases the afternoon plasma specimen contained less 


Table 6. Diurnal variation in plasma 
tron concentrations 


Plasma Fe (yg./100 ml.) 





‘ 


5.15 p.m. 


Subject 8.45 a.m. 

G.B. 150, 156 131, 131 
W.R. —, 122 106, 106 
G.W. 137, 134 99, 100 
Ak 156, 153 143, 137 
D.P. 255, 249 159, 162 
R. I. 201, 190 153, 146 
A.R. 142, 136 116, 123 


iron than the morning one. It is true that in one 
case the decrease (9%) was small, but in the other 
six it ranged from 14 to 37 %, with a mean of 19%. 
There can be no doubt that the diurnal variation is 
real. 

Normal values. Males. The twenty-two specimens 
analysed were from seventeen normal males 
between the ages of 19 and 44 years. Because of the 
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diurnal variation, all specimens were taken between 
8.45 and 9.15a.m. Haemoglobin concentrations 
(calculated from total blood iron) ranged from 
14 to 17 g./100 ml. blood. The mean plasma iron 
concentration was 171 yg./100 ml. (s.p. 37), and the 
values ranged from 112 to 255 yg./100 ml. An iso- 
lated value of 346 vg./100 ml. (about 4-5 standard 


Subject W.R. 


Plasma iron (yg./100 ml.) 


W. N. M. RAMSAY 


Subject G.W. 
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turned to the original level in about 7 hr. When 
ascorbic acid was given with the iron, the increase in 
plasma iron was much greater (some 100-200 yg./ 
100 ml.), and the normal level was never regained in 
7 hr. The fall in the latter part of the experiment, 
however, was precipitate, so that it seemed likely 
that the normal level would be reached in 8-9 hr. 


Subject T.S. 


Time (hr.) 


Fig. 1. Plasma iron curves after feeding 200 mg. Fe as colloidal ferric hydroxide with (@), 
and without (OQ), 600 mg. ascorbic acid. 


deviations higher than the mean) was not included 
in the series, although such very high values have 
occasionally been recorded before. Hamilton et al. 
(1950) observed one, also in the early morning, of 
355 pg./100 ml. 

Females. The three specimens analysed were 
taken from thirteen apparently normal females aged 
between 19 and 24 years under the same conditions. 
Haemoglobin concentrations ranged from 12-2 to 
14-9 g./100 ml. The plasma iron concentrations 
ranged from 78 to 170yg./100 ml., with a mean 
of 127 pg./100 ml. (s.D. 29 wg./100 ml.). As in all 
previous work, these values are lower than those for 
males. 

Iron absorption. The method lends itself readily 
to the demonstration that iron administered by 
mouth as colloidal ferric hydroxide is more readily 
absorbed if ascorbic acid is fed at the same time. 
Experiments on this point were made by analysing 
blood specimens before, and at intervals up to 7 hr. 
after, a dose of 200mg. iron as colloidal ferric 
hydroxide taken with 600mg. ascorbic acid. 


Control experiments were done without ascorbic 
acid, and the results plotted graphically, as in 
Fig. 1. In the absence of ascorbic acid the plasma 
iron rose by 20-50 yg./100 ml. in 3-5 hr., and re- 


DISCUSSION 


The technique described here is simple and gives 
highly reproducible results, provided that strict 
attention is paid to the cleansing of glassware. 
Recoveries of added iron are satisfactory, and 
interest must centre chiefly round the fact that it 
gives results higher by some 30-60 yg./100 ml. than 
those previously published. The author believes 
this difference to be real and important. The figures 
in Table 4 show that the degree of haemolysis 
necessary to cause a spurious elevation of this order 
would be quite evident to the naked eye. Moreover, 
if haemolysis or contamination with totally 
extraneous iron were responsible for the general high 
level of results, one would have expected occasional 
quite substantial inconsistencies in experiments 
involving serial determinations. Such _ incon- 
sistencies have not been encountered. Finally, 
experimental proof has been obtained that the 
extraction procedure of Kitzes et al. (1944) does not 
remove all the iron from the protein precipitate. 
Thus, in one case the plasma iron according to 
Kitzes et al. (1944) was 183,yg./100 ml. Two 
additional extractions with hot trichloroacetic acid 
brought the value up to 222 yg./100 ml., while the 


| 








Vol. 53 


new method gave 216,yg./100 ml. The fact that 
haemolysis is a real hazard in this otherwise useful 
procedure is nevertheless a cause for disquiet, and 
the author is at present engaged in the development 
of a modification which may, for all practical 
purposes, eliminate this difficulty. 

The diurnal variation has been observed by a 
number of previous authors, whose work was 
reviewed by Hamilton et al. (1950). Failure to 
detect it by Moore et al. (1939) and Burch, Lowry, 
Bessey & Berson (1949) can only be attributed to 
inadequate analytical technique. Its existence 
makes it imperative to standardize the time of day 
at which blood specimens are drawn for the deter- 
mination of plasma iron. There is no evidence that 
the majority of authors have in the past paid due 
attention to this point, which has also been raised by 
Hoyer (1944) and by Hamilton e¢ al. (1950). It is 
necessary to state, however, that there are other, 
unknown, influences which tend to make the 
plasma iron concentration remarkably variable. In 
the course of the present work specimens from 
certain individual males have been examined more 
than a dozen times at irregular intervals over a 
period of 2 years. In one such case the values ob- 
tained have varied from 112 to 180,yg./100 ml., 
while in another the variation has been from 122 to 
235 ug./100 ml. Large variations have also been 
encountered by other workers (Hoyer, 1944). 
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The effect of ascorbic acid on the absorption of 
iron administered as ferric hydroxide is striking. It 
is interpreted as a manifestation of the reducing 
action of ascorbic acid, which, according to Bergeim 
& Kirch (1949) is likely, under natural conditions, 
to supplement to a marked extent the reducing 
agents formed from proteins by normal gastric 
juice. While it seems probable that the chief effect 
of ascorbic acid will be on the reduction of Fe** to 
Fe?* within the lumen of the intestine, the possi- 
bility should not be ignored that there may also be 
an effect on ‘the so-called redox level of the cell’ 
(Granick, 1949, 1951). There is no experimental 
evidence which would permit a decision on the 
relative importance of these ideas. 


SUMMARY 


1. A new, simple method for the determination 
of iron in serum or plasma is described. 

2. Normal values and comparisons with earlier 
methods show the results to be higher than those 
now generally accepted. 

3. The method is readily applied to studies in- 
volving the determination of serum or plasma iron. 


The author is grateful to the Agricultural Research 
Council for a grant from which some of the expenses were 
met, and to Mr G. R. Wilson for technical assistance and 
invaluable co-operation as a subject for experiment. 
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Studies on 6-Glucuronidase 


2. THE PREPARATION AND PROPERTIES OF THREE OX-SPLEEN 
B-GLUCURONIDASE FRACTIONS 
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(Received 15 April 1952) 


Analysis of aqueous extracts of acetone-dried ox 
spleen by the variable solvent solubility test, using 
ammonium sulphate as the precipitant and laevo- 
menthyl-8-p-glucuronide as assay substrate, re- 
vealed the presence of two B-glucuronidase fractions 
(Mills, 1948). It was possible to separate these two 
fractions by repeated ammonium sulphate fraction- 
ation at pH 5. The fractions so prepared had 
optimal activity for the hydrolysis of various 
glucuronides at pH 4-5 and around pH 5-2 re- 
spectively. These findings were’ confirmed by Kerr, 
Campbell & Levvy (1949) on mouse organs. On the 
other hand, Bernfeld & Fishman (1950a) and Sarkar 
& Sumner (1950) have adduced evidence which they 
interpret as indicating that B-glucuronidase in calf 
spleen and liver respectively, is a single component 
with a single pH optimum. 

Since the publication of Mills (1948) it has be- 
come increasingly obvious that the presence of only 
two B-glucuronidase activities in ox spleen, with the 
pH optima already quoted, could not completely 
explain the overall £-glucuronidase activity of ox- 
spleen extracts. 

In 1936, Oshima showed that citric and a 
number of other organic acids inhibited B-glucu- 
ronidase. More recently, Karunairatnam & Levvy 
(1949) showed that mucic and saccharie acids in- 
hibited f-glucuronidase and they stated that pD- 
saccharic, the stronger inhibitor of the two, acted 
competitively at pH 5-2 in citrate buffer. Spencer 
& Williams (1951) have shown glucuronate to 
inhibit f-glucuronidase at pH 5-2, but that its 
inhibitory while greater than that of 
mueate, is much less than that of saccharate. 
Becker & Friedenwald (1949) showed ascorbic acid 
and heparin to be inhibitors of B-glucuronidase at 
pH 4-5. 

In the present paper, data will be presentcd 
which show the existence of at least three f- 
glucuronidase fractions in aqueous extracts of ox 
spleen, and some of the properties of these fractions 
will be described along with a study of the action of 
various inhibitory substances upon them. Pre- 
liminary reports of this work have already appeared 
(Mills & Paul, 1949; Mills, Paul & Smith, 1949). 

* Ure Research Scholar. 
t+ Carnegie Research Scholar. 
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METHODS 


Assay of B-glucuronidase preparations 


(a) The method using ( — )-menthyl-8-p-glucuronide has 
already been described (Mills, 1948). 

(b) The method using phenyl-B-p-glucuronide is that 
described by Mills (1948) with the following slight modifica- 
tion. The controls for the assay are prepared by incubating 
enzyme preparation and buffer for the requisite time and 
the substrate is added immediately after the addition of the 
Folin-Ciocalteu reagent. 

(c) The method using phenolphthalein B-p-glucuronide is 
that described by Mills (1948) with the following slight 
modification. The method originally employed was de- 
veloped for highly purified preparations containing little 
protein. Where crude preparations and tissue homogenate 
were used, the relatively large amounts of protein present 
caused the adsorption of some phenolphthalein on the 
protein precipitated by trichloroacetic acid. This was over- 
come by stopping the reaction by the addition of 2 ml. 
glycine-NaOH buffer of pH 10-4 and the removal of any 
precipitated protein by centrifugation. Samples (2 ml.) of 
the supernatant were added to a further 6 ml. of the glycine- 
NaOH buffer of pH 10-4 and the colour determined as 
previously described. By this method, loss of phenol- 
phthalein by adsorption on the precipitate is completely 
avoided. 

When studying various inhibitory substances the enzyme 
digests were made up to contain 0-5 ml. buffer solution, 
0-2 ml. enzyme solution, 0-1 ml. water or inhibitor solution 
and 0-2 ml. substrate solution in the case of the phenol- 
phthalein glucuronide method; for the phenyl- and (-)- 
menthyl-glucuronide methods the digests contained 1-0 ml. 
buffer solution, 0-3 ml. enzyme solution, 0-2 ml. water or 
inhibitor solution and 0-5 ml. substrate solution. 

The inhibitor solutions were freshly made immediately 
before use, and the pH of the inhibitor solution was adjusted 
to that of the assay before addition. 

Unless otherwise stated, the following buffers were 
employed: for pH values of 3-5 and less, the veronal-acetate- 
HCl buffer of Michaelis (1931), for pH values 3-5-6-0, 0-2M- 
acetate buffers, and for pH values of 6-0 and over, 0-1m- 
phosphate-citrate buffers. pH Measurements were carried 
out with the glass electrode and the Muirhead, Tinsley or 
Marconi pH meters. 

Electrophoretic analyses. These were carried out using the 
Tiselius (1937) apparatus employing the Philpot-Svensson 
(Svensson, 1939) optical system (Adam Hilger and Co. 
London). Illumination was provided by a mercury vapour 
lamp and a green (546 mu.) filter, photographic records 
being made on Ilford Halftone panchromatic plates. Where 
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solutions under illumination were red-brown or brown in 
colour, a yellow (577 mu.) filter and Ilford Rapid process 
panchromatic or H.P. 3, plates were used. 

The cells used were either the double section of 11 ml. 
capacity or the double section of 3 ml. capacity. 

Electrophoresis on filter paper. This was carried out by the 
method described by Mills & Smith (1951) which is based on 
that of Durrum (1950). 


RESULTS 
pH-Activity curves of unfractionated 
ox-spleen extracts 


pH-Activity curves were determined for partially 
purified unfractionated ox-spleen extracts at 
stage C of preparation described by Mills (1948) 
using various concentrations of phenolphthalein f- 
p-glucuronide as substrate. The range of substrate 
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Fig. 1. pH-Activity curves of an unfractionated ox-spleen 
extract at various concentrations of phenolphthalein 
glucuronide as substrate. A, 0-00025m; B, 0-0005M; C, 
0-001m; D, 0-002M; EL, 0-003Mm; F, 0-004M. 


concentrations used was 0-00025™M to 0-004m and 
the results are recorded in Fig. 1. The most obvious 
feature is the change in shape of the pH-activity 
curve with the change in substrate concentration, 
particularly around pH 3-5 and pH 6-7. One might 
conclude from these results that there is present in 
ox-spleen extracts a 8-glucuronidase which is active 
near 3-5 at low substrate concentrations and that 
increasing substrate concentrations cause an in- 
hibition of this enzyme activity. 


The inhibition of unfractionated 
ox-spleen extracts by citrate 


It was first shown by Oshima (1936) that citric 
acid, among other organic acids, inhibited - 
glucuronidase. In addition to our confirmation of 
this finding we have found that this inhibition only 
applies to the enzymes active at:low pH values, the 
enzyme activity at 5-2 not being inhibited. This is 
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well illustrated by the shapes of the pH-activity 
curves of a crude ox-spleen extract (stage C, Mills, 
1948) examined in acetate and citrate buffers, 
shown in Fig. 2. 


Fractionation of aqueous ox-spleen extracts 


Mills (1948) obtained by repeated fractionation 
with ammonium sulphate at pH 5 a separation of 
two f-glucuronidase fractions, I and II, with 
optimal activities for the hydrolysis of laevo- 
menthylglucuronide at pH 4-5 and pH 5-0-5-1 
respectively. With fraction I, it has since been 
found that, using phenolphthalein glucuronide 
(0-001Mm) or phenylglucuronide (0-005) for assay, 
the ratio of activities at pH 3-5 to that at pH 4-5 was 
significantly greater than that obtained when 
laevo-menthylglucuronide (0-005m) was used for 
assay. This would indicate the heterogeneity of 
fraction I, again suggesting an enzyme with 
activity around pH 3-5. In view of these findings 
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Fig. 2. pH-Activity curves of an unfractionated ox-spleen 
extract. using phenolphthalein glucuronide in acetate 
buffer (A) and citrate buffer (B). 


an attempt was made to elaborate this fractionation 
procedure. In place of the fractional precipitation 
technique, resort was made to a fractional elution 
technique starting with the enzyme in a completely 
precipitated form. It was found, as in the previous 
work, that pH was a critical factor in the fraction- 
ation procedure, much better separation being 
obtained at pH 8-5 than at lower pH values. The 
method employed was as follows: 


The starting material was an aqueous extract of acetone- 
dried spleen at stage D of purification of Mills (1948). To 
200 ml. of this solution was added solid (NH,),SO, to a final 
concentration of 2-5m, the pH was adjusted to 8-5 with 
NH, and 2-0 g. Standard Super-Cel (Celite 519A, Johns- 
Manville Co.) were added/100 ml. solution. After standing 
at 0° for 2 hr., the material was filtered and the filter cake 
pressed to remove as much of the supernatant solution as 
possible. The filter cake was eluted with 4 x 40 ml. 1-8m- 
(NH,).SO, adjusted to pH 8-5, filtering at each elution. The 
process was then repeated with 1-6, 1-4, 1-2 and 1-0m- 
(NH,),SO, solutions. The enzyme in the resulting eluates 
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was precipitated with (NH,),SO, at a final concentration of 
2-5, centrifuged at 0° and dissolved in water. The material 
extracted by the 1-8m-(NH,),SO, is referred to subsequently 
as the 1-8 eluate and similarly with the other extracts. The 
process was repeated on each eluate a further three or four 
times. All the original glucuronidase activity was found in 
those fractions between the limits 1-2 and 1-8m-(NH,),SO,, 
the most active being the 1-4 and 1-6m-(NH,),SO, fractions. 


The 1-6m fraction obtained after three such 
fractionation procedures gave the pH-activity 
curve shown in Fig. 3, curve A. Activity of this 
undialysed solution was zero at pH 3-4 (Fig. 3, A); 
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Fig. 3. pH-Activity curves of ox-spleen fractions produced 
by elution fractionation. Curve A, 1-6m-(NH,),SO, 
fraction after three fractionations before dialysis; curve B 
is the same after dialysis; curve C, 1-4m-(NH,).SO, 
fraction after three fractionations; curve D, original un- 
fractionated material. Assays using phenolphthalein 
glucuronide. 


after dialysis, however, there was considerable 
activity at pH 3-4 (Fig. 3, curve B) with no altera- 
tion in activity at and above pH 4-4. From these 
experiments we conclude that there is present in 
ox-spleen extracts a third f-glucuronidase with a 
pH optimum at about 3-4 and that ammonium 
sulphate treatment causes a reversible inactivation 
of this enzyme, activity being regained on dialysis. 
The additional point revealed by these experiments 
is that the activity of the B-glucuronidase with a 
pH optimum at 4-5 (I) is zero at pH 3-4, so that any 
activity measured at pH 3-4 or below in unfraction- 
ated or partially fractionated ox-spleen prepara- 
tions is confined to this new third B-glucuronidase. 
This phenomenon is being further investigated in 
view of the possibility that it is a general salt effect. 

The fraction precipitated by 1-4M-ammonium 
sulphate gave the pH-activity curve shown in 
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Fig. 3, curve C, and shows much more activity 
around pH 5-2 than at pH 4-5. The pH-activity 
curve of the original stage D preparation is shown for 
comparison as curve D in Fig. 3. A further two 
fractionations of each of the two fractions shown in 
Fig. 3, gave fractions having the pH-activity curves 
which are shown in Fig. 4, curves A and B. By this 
fractionation procedure it is thus possible to obtain 
fractions showing significantly different pH-activity 
curves with maxima at pH 4-5 and 5-2 respectively. 

It was not possible by this fractionation procedure 
to obtain preparations showing a marked optimum 
around pH 3-4, but, using organic solvent fraction- 
ation, enzymic activity with optimum activity 
around this pH could be concentrated. Many 
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Fig. 4. pH-Activity curves of ox-spleen fractions. Curve A, 
1-6m-(NH,),SO, fraction after five fractionations; curve 
B,-1-4m-(NH,),SO, fraction after five fractionations; 
curve C, fraction produced by ethanol precipitation. 
Assays using phenolphthalein glucuronide. 
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different conditions for ethanol fractionation were 
tried, but the method which showed most promise is 
outlined below. 

To 100 ml. ox-spleen preparation (stage D, Mills, 1948) 
were added 70% ethanol, 1 M-sodium acetate and 1 N-acetic 
acid to a final concentration of 14% (v/v) ethanol, a pH of 
5-0 and a final ionic concentration of 0-05, the temperature 
being maintained throughout at —5°. After standing for 
30 min., the precipitate was removed in the centrifuge at 
— 5°, dissolved in water and dialysed against distilled water 
to remove any ethanol. This preparation gave the pH- 
activity curve shown in Fig. 4,C. 

The presence of a glucuronidase showing optimal 
activity at pH 3-4 is clearly seen but it is not 
claimed that this preparation represents a pure 
enzymic fraction. Fig. 4 shows that at pH 3-4 the 
enzyme with optimum activity at 4:5 can be 
neglected. Kinetic stydies carried out on this 
fraction at pH 3-4 will therefore represent data for 
the pH 3-4 enzyme alone. 
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Electrophoretic examinations 


An electrophoretic examination of a highly purified 
but unfractionated glucuronidase preparation, a mixed 
14m and 1-6m fraction after three of the foregoing 
(NH,),SO, fractionation procedures, was carried out at 
pH 8-0 in a phosphate buffer (J=0-2). The schlieren 
diagram is presented in Fig. 5 ae main leading boundary 
(mobility =3-1 x 10-5 cm.?/V. sec.), represents 809 % of the 
total protein and is obviously not homogeneous. This 
boundary was fractionated into three parts from front to 
back and all showed f-glucuronidase activity. The very low 
protein contents of many of the purified fractions rendered 
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Fig. 5. ede analysis of highly purified un- 
fractionated ox-spleen f-glucuronidase. A, ascending 
(anodic) pattern; B, descending pattern. Buffer, phos- 
phate, pH 8, J =0-2. 
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Fig. 6. Analysis of filter paper electrophoretic run of ox- 


spleen 8-glucuronidase preparations. Assay, using phenol- 
phthalein glucuronide, of 5mm. lengths of paper. 
Activity expressed as yg. phenolphthalein liberated/2 hr. 
Buffer, phosphate, pH 8, J=0-05. Potential =3V./cm. 
for 22 hr. Curve A, purified, unfractionated £-glucuroni- 
dase preparation; curve B, fraction with pH optimum 
at 5-2. 


examination by the conventional electrophoretic method 
very difficult, only very small refractive index boundaries 
being obtainable. Electrophoresis was therefore carried out 
on filter-paper strips, using the method described by Mills & 
Smith (1951), which allows quantities of the order of 50- 
100 ul. of the solution to be examined. Using this technique 
with a preparation giving a schlieren diagram similar to that 
in Fig. 5, the result shown in Fig. 6 (curve A) was obtained, 
where 5 mm. lengths of the paper were assayed for enzymic 
activity, and the activity plotted against the distance 
migrated towards the anode. Electrophoresis was carried 
out at pH 8 in phosphate buffer (J =0-05). In this case, 


where the distance migrated is much greater than in the 
Tiselius U-tube, the heterogeneity of the enzyme is more 
obvious, but it is not certain that these results may be 
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related to those of the classical method. The problems of 
adsorption on paper and protein-protein interactions in this 
new medium have yet to be studied. The average mobility of 
the enzyme activity (3-5 x 10-5 cm.?/V. sec.) is, however, 
close to the value obtained by the classical method. An 
examination of a purified fraction having maximum 
activity at pH 5-2 as shown in Fig. 4, curve B, gave the 
picture shown in Fig. 6, curve B. Here the homogeneity of 
the enzyme is much more pronounced than in curve A and 
corresponds with one of the peaks of activity of the un- 
fractionated preparation. This is confirmatory evidence of 
the fractionation procedure and of the usefulness of electro- 
phoresis on filter paper as a method of controlling such 
fractionation procedures. 


REACTION CHARACTERISTICS OF THE 
SEPARATED FRACTIONS 


In order to demonstrate that the three fractions 
obtained are not artifacts simply produced by a 
modification of the enzyme protein due to fraction- 
ation procedures, it is necessary to show that they 
have significantly different reaction characteristics 
apart from pH optima. We have therefore studied 
the effects of variation of substrate concentration 
upon reaction velocity, the energies of activation 
and the effects of various inhibitors upon the three 
ox-spleen £-glucuronidase fractions. From the 
results of these studies various reaction constants 
are presented which further emphasize the distinct 
nature of the three fractions prepared. Table 1 
summarizes the pH-optimum characteristics of the 
three ox-spleen 8-glucuronidase fractions. 

Table 1. pH optima of ox-spleen B-glucuronidase 
fractions in 0-2M-acetate buffers 


Ox-spleen 8-glucuronidase fraction 





c , \ 
Substrate I II Il 
(-)-Menthylglucuronide 4-5 5-0 (5-1)* 3-4 
Phenylglucuronide 4-5 5-2 (5-3)* 3-4 
Phenolphthalein 4:5 5-2 (5-3)* 3-4 
glucuronide 


* Values in 0-1 M-citrate buffers. 


Effect of substrate concentration on the activity 
of ox-spleen B-glucuronidase fractions 


The effect of variation in the substrate concentra- 
tion upon reaction velocity was studied for the 
three separated ox-spleen £-glucuronidase fractions 
at the optimum pH of the preparation and at 38°. 
The substrates examined were Jaevo-menthyl-, 
phenyl- and phenolphthalein glucuronides and the 
results are recorded in Figs. 7-9. 

It will be noted from Fig. 7 that substrate in- 
hibition is shown with phenolphthalein glucuronide 
and that the intensity of this substrate inhibition 
differs with the three fractions. Substrate inhibition 
is also marked in the case of laevo-menthylglucuro- 
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nide, but it is not so evident with phenylglucuronide. 
Kerr, Graham & Levvy (1948) showed that phenyl- 
glucuronide caused marked substrate inhibition of 
mouse liver and spleen glucuronidase when assayed 
at pH 5-2. One peculiar feature of the data of these 
workers is that the enzyme preparations used were 
completely inactive at substrate concentrations 
below 2-5 x 10-m. In the present work all enzyme 
preparations showed activity at any substrate con- 
centration above zero. 
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Fig. 7. Relation between phenolphthalein glucuronide 
concentration and £-glucuronidase activity (ug. phenol- 
phthalein liberated/hr.) of the three ox-spleen £-glucu- 
ronidase fractions. A, pH 4-5 fraction; B, pH 5-2 
fraction; C, pH 3-4 fraction. 
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Fig. 8. Relation between phenylglucuronide concentration 
and f-glucuronidase activity (ug. phenol liberated/hr.) 
of the three ox-spleen f-glucuronidase fractions. A, 
pH 4-5 fraction; B, pH 5-2 fraction; C, pH 3-4 fraction. 


Substrate inhibition in the case of phenolph- 
thalein glucuronide has already been demonstrated 
by Talalay, Fishman & Huggins (1946), and in the 
case of (— )-menthylglucuronide by Fishman (1939). 
Recently, Spencer & Williams (1951) have demon- 
strated that p-chlorophenylglucuronide causes sub- 
strate inhibition of B-glucuronidase. 

The variation in substrate inhibition of the three 
ox-spleen fractions caused by phenolphthalein 
glucuronide as demonstrated in Fig. 7 explains the 
variation in the shape of pH-activity curves of 
crude ox-spleen extracts seen with varying sub- 
strate concentrations (see Fig. 1). 
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The existence of substrate inhibition means that 
the evaluation of enzyme-substrate dissociation 
constants by the Michaelis & Menten (1913) method 
is not reliable since the maximum velocity of 
reaction observed is not the true maximum velocity 
and values of K,,, calculated from the substrate con- 
centration for 50% maximum velocity will be too 
low. 


tn = 
S$ a 8 
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Maximum velocity (%) 
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Fig. 9. Relation between (-—)-menthylglucuronide con- 
centration and £-glucuronidase activity (ug. glucuronic 
acid liberated/hr.) of two of the ox-spleen B-glucuronidase 
fractions. A, pH 4-5 fraction; B, pH 5-2 fraction. 


The present data have been analysed by the 
method of Lineweaver & Burk (1934) for the case of 
substrate inhibition where two simultaneous equi- 
libria are proposed as existing in the enzymic 
reaction, namely: 

E+S= ES (1) 
and ES+(n-1)S2 ES,, (2) 
where E=enzyme, S=substrate, ES=active enzyme- 
substrate complex and ES, =inactive enzyme-substrate 
complex. Subsequently HSE +products, while ES,, is 
inactive. 

The reaction velocity equation for this case was shown by 
Lineweaver & Burk (1934) to be 

J yy" 
Pl (isi+K,+2), (3) 
v Vinx, \ ; Ky 
where [S]=substrate concentration, v=observed velocity, 
Vinay. =ideal maximum velocity assuming no substrate 
inhibition, K,=dissociation constant of ES complex in 
equation 1, K,=dissociation constant of ZS, complex in 
equation 2, and n=number of substrate molecules com- 
bined to one enzyme molecule in the inactive enzyme- 
substrate complex ES, (equation 2). At low substrate con- 
centrations the value of [S]"/K, in equation 3 will become 
negligibly. small and in this case a plot of 1/v against 1/[S] 
will give a straight line with slope of K,/V,,,., and ordinate 
intercept of 1/V,,,x.- From these two figures it is possible to 
caleulate the value of K,,-the true enzyme-substrate dis- 
sociation constant. In Figs. 10-12 the results of the experi- 
ments shown in Figs. 7-9 are plotted accordingly. 

From the data obtained from Figs. 10-12 we have 
calculated the values of K, for the three ox-spleen fractions 
and the three. substrates,, phenolphthalein, phenyl- and 
( -)-menthyl-glucuronides and the results are presented in 
Table 2. 
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In the case of substrate inhibition it is assumed that the 
inhibition is caused by the combination of the active enzyme- 
substrate complex with further molecules of substrate to 
form an inactive complex which does not decompose to 


> 
OC 
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Fig. 10. Plot of reciprocal of reaction velocity (1/v) against 
reciprocal of phenolphthalein glucuronide concentration 
(1/[S]) for the three ox-spleen B-glucuronidase fractions. 
Details as Fig. 7. 
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Fig. 11. Plot of reciprocal of reaction velocity (1/v) against 
reciprocal of phenylglucuronide concentration (1/[.S]) for 
three ox-spleen f-glucuronidase fractions. Details as 
Fig. 8. 


give the products of reaction. It is possible to obtain values 
for n, the number of molecules of substrate combined per 
enzyme molecule in the inactive enzyme-substrate complex 
and for K, the dissociation constant of equation 2. 


OX-SPLEEN $-GLUCURONIDASE 


237 
If equation 3 is rearranged into the form 


log ( - = - 1) =n log [S]—log KaVinax., (4) 
v Re. [ae 
it will be seen that a plot of the left-hand term against log [S] 
yields a straight line of slope =n and intercept at [S]=1 of 
—log KyVax, Which gives a value for K,. 

If the theory is applicable, a plot of [S]/v against 
[S] + ([S]"/K,) will give a straight line. 
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Fig. 12. Plot of reciprocal of reaction velocity (1/v) against 
reciprocal of (-—)-menthylglucuronide concentration 
(1/[S]) for two of the ox-spleen f-glucuronidase fractions. 
Details as Fig. 9. 


Table 2. Values of the enzyme-substrate dissociation 
constants (K,) for the three ox-spleen B-glucuroni- 
dase fractions, determined at 38° and optimum pH 

Ox-spleen 
B-glucuronidase fraction 
e__—_—_————— eee 
Substrate I II III 
(—)-Menthylglucuronide 4:7x10-* 19x 10-* — 


Phenylglucuronide 20x10 51x10 12x10 
Phenolphthalein 08x10? 2:3x10-% 10x 10-3 


glucuronide 


Using the data presented in Fig. 7 for phenolphthalein 
glucuronide and the three ox-spleen enzymes, an examina- 
tion has been carried out to determine the values of n and K, 
for the three enzyme fractions and the above substrate. In 

[Ss] K, [8] 
Fig. 13 are presented the plots log “oe sae 


max. max. 


against log [S], and the values of n and K, calculated from 
these graphs are shown in Table 3. The differences in the 
various constants given in Tables 2 and 3 for the three 
fractions constitute good evidence for the separate identity 
of these fractions. 


Energy of activation of the ox-spleen 
B-glucuronidase fractions 

The effect of temperature on the rate of enzyme 

reaction in the region where heat inactivation is 

negligible has been found in many cases to fit the 

equation originally proposed by Arrhenius (1889) 
(ef. Sizer, 1943) namely: 

d(Imk) A 


dt ~ RT?’ (5) 








or upon integration 
huAst J 
n=, (--z)- (6) 


where k=reaction rate at absolute temperature 7’, 
R=gas constant, A =energy of activation. Values 
of energy of activation (A) may be calculated from 
the slope of the graph in which the logarithm of 
reaction rate (log k) is plotted against 1/absolute 
temperature. The slope multiplied by the constant 
4-58 gives the value of A. 
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Fig. 13. Plot of log ({S]/v-K,/Vinax.-—[S]/Vnax.) against 
log [S] for the three ox-spleen B-glucuronidase fractions. 
A, pH 4-5 fraction; B, pH 5-2 fraction; C, pH 3-4 
fraction. Value of n calculated from slope (see text, p. 237). 


Table 3. Values of n (number of molecules of substrate 
in inactive enzyme-substrate complex) and K, 
(dissociation constant of inactive enzyme-substrate 
complex) in the case of phenolphthalein glucuronide 


B-Glucuronidase Optimum 


fraction pH n K, 
I 4-5 2 2-9 x 10-* 
II 5-2 2 7-4x10-% 
IIt 3-4 3 3-1 x 10-6 


The energies of activation were determined for each of the 
three ox-spleen fractions at their pH optima, using both 
phenolphthalein and phenylglucuronide as_ substrate. 
Enzyme activity was determined at five temperatures 
between 0 and 40° using substrate concentrations sufficient 
to ensure maximum activity of the enzyme (0-001 m- 
phenolphthalein glucuronide and 0-03 m-phenylglucuronide). 
The results for the plots of log k against 1/absolute temper- 
ature are recorded in Fig. 14 and the data for values of A 
obtained by multiplying the slopes of these graphs by 4-58 
are shown in Table 4. 


It will be seen that the values of the activation 
energies for the two substrates are in good agree- 
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ment, and that those for the three fractions are 
distinctly different. In view of the statement of 
Sizer (1943) that for certain enzymes changes in pH 
of reaction or purity of the preparation had no 
effect on the value of A, the data presented in 
Table 4 constitute further confirmation of the 
distinct nature of the three ox-spleen f-glucuroni- 
dase fractions. 





Fig. 14. Plot of log of reaction rate (log &) against reciprocal 
of absolute temperature (1/7) for the three ox-spleen 
-glucuronidase fractions. I, pH 4-5 fraction; II, pH 5:2 
fraction; III, pH 3-4 fraction. A, Phenylglucuronide; 
B, phenolphthalein glucuronide. Value of activation 
energy calculated from slopes (see text, p. 238). 


Table 4. Activation energies of ox-spleen 
B-glucuronidase fractions 
(Cal./mole.) 
Ox-spleen £-glucuronidase fraction 
A 





‘Y 


Substrate I Il III 
Phenylglucuronide 14700 16000 19300 
Phenolphthalein 14400 16200 18900 

glucuronide 


It has been found in the present work that if the 
substrate concentration is less than that required 
for maximum activity, lowered values for the 
energy of activation are found, while at substrate 
concentrations above that required for maximum 
activity, constant values for the energy of activation 
are found. 
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Inhibition of the three ox-spleen 
B-glucuronidase fractions 


Inhibition by carboxylic acids 


Citrate inhibits the two ox-spleen f-glucuronidase 
fractions with pH optima at 3-4 and 4-5, but not that with 
optimum at pH 5-2. This inhibition (Table 5) explains the 
inhibition of citrate on unfractionated preparations (Fig. 2). 


Table 5. Inhibition of ox-spleen B-glucuronidase 
fractions by citrate 


(Substrate is phenylglucuronide in acetate buffer. Citrate 
concentration = 10-?M.) 





Substrate B-Glucuronidase fraction 
concn. AN ~ 
(M) pH 3-4 pH 4-5 pH 5-2 
Inhibition (%) 
10-2 75 65 0 
5x 10-3 65 50 0 
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The effects of some other organic acids as inhibitor are 


recorded in Table 6. 
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Four of the inhib‘tory substances examined above, 
namely citrate, oxalate, mucate and saccharate, were 
examined in greater detail with the intention of determining 
the type of inhibition exerted. The structural similarity of 
mucate and saccharate with glucuronic acid suggested the 
possibility of competitive inhibition. The three ox-spleen 
B-glucuronidase fractions all show substrate inhibition to a 
greater or less degree depending upon the substrate, and this 
might complicate the analysis of the results by the graphical 
method of Lineweaver & Burk (1934). 

In the present case we have to consider three possible 
equilibria existing in the reaction medium, namely: 


E+iS 2 ES (active), (7) 
ES +(n-1) S = ES,, (inactive), (8) 
E+I = EI (inactive), (9) 


where E =enzyme, S =substrate, J =inhibitor, HS =active 
enzyme-substrate complex, ES, =inactive enzyme-sub- 
strate complex and EI =inactive enzyme-inhibitor complex. 
K,, K, and K, are the dissociation constants for reactions 7, 
8 and 9 respectively. In this case the velocity, v, is given by 
[Sp KU } 


v=Vinax. (si ((s1+«,+ 2 Te. (10) 





Table 6. Percentage inhibition of the pH 3-4 ox-spleen B-glucuronidase fraction by various organic acids 


(Substrate is phenylglucuronide (5 x 10-*M) in acetate buffer at pH 3-4.) 


Concentration (mM) 








f A— \ 

Inhibitor 10-2 5 x 10-3 10-3 2x 10-4 10-4 5x 10-5 10-5 
Citrate 75 65 = —_ — — — 
L-Tartrate 85 — -= — _ — — 
Tricarballylate 5 _ _— _— _— — _— 
L-Malate 90 —- — — — — oo 
Oxalate 100 90 0 — —_— — — 
Malonate 40 — —_ — — — — 
Succinate 25 — os — — — — 
Glutarate 5 — — — — — = 
Lactate 5 — — — — — — 
L-Glutamate 8 — — —— — — — 
p-Gluconate 25 — — — — — -- 
p-Galacturonate 50 30 0 a= — — — 
p-Mucate 100 100 100 95 75 20 0 
p-Saccharate 100 100 100 100 100 90 25 


The powerful inhibitory effect of mucic and saccharic acids 
on £-glucuronidase confirms the findings of Karunairatnam 
& Levvy (1949) that these two compounds are the most 
powerful inhibitors of B-glucuronidase so far found. A com- 
parison of the effects of p-saccharate on the three ox-spleen 
B-glucuronidase fractions is shown in Table 7. 


Table 7. Percentage inhibition of the three ox-spleen 
B-glucuronidase fractions by D-saccharate 


(Substrate is phenylglucuronide (5 x 10-°m) in acetate 
buffer at pH optimum of enzyme studied.) 


Conen. of B-Glucuronidase fraction 
A 





D-saccharate ¢ my 
(M) pH 3-4 pH 45 pH 5-2 
10-8 100 100 100 
2x10-* 100 100 70 
10-4 100 60 20 
5x 10-5 90 20 0 
10-5 25 0 0 


This equation is a combination of the equations describing 
simple substrate inhibition and simple competitive inhibi- 
tion (Lineweaver & Burk, 1934). At low substrate concen- 


S}" sag 
— in equation 10 becomes negligibly 


2 
small, and equation 10 becomes 


a isi/ ((si+K. = ), 


which is the equation for simple competitive inhibition as 
demonstrated by Lineweaver & Burk (1934). This equation 
may be rearranged thus: 

1 1 1 


( _K; UW) 
.o , Ke [S] 


max. K I 


Plotting the reciprocal of reaction velocity against the 
reciprocal of substrate concentration in the presence and 
absence of inhibitor will give, at low substrate concentra- 
tions, straight lines which will indicate whether or not the 
equation for competitive inhibition is obeyed. If Vay. 


trations, the term 


(11) 


(12) 
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remains unaltered in presence of inhibitor and only the 
slope of the line is increased, the inhibition is competitive 
and the value of K,, the enzyme-inhibitor dissociation 
constant, may be calculated. If, however, V,,,,. decreases 
in addition to the slope of the line being altered, the inhibi- 
tion is non-competitive in type. 
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Fig. 15. Plot of reciprocal of reaction velocity (1/v) against 
(1/[S]) for the pH 3-4 ox-spleen f-glucuronidase fraction 
in the presence of various inhibitors. Substrate, phenol- 
phthalein glucuronide. A, control; B, 3x 10-°m- 
oxalate; C,10-4M-mucate; D, 10-?-citrate; E,2 x 10-5m- 
saccharate. 
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Fig. 16. Plot of reciprocal of reaction velocity (1/v) against 
(1/[S]) for the pH 4-5 ox-spleen 8-glucuronidase fraction in 
the presence of citrate. A, control; B, 2 x 10-?m-citrate. 
Substrate, phenylglucuronide. 


Experiments were carried out with each of the three 
separated ox-spleen B-glucuronidase fractions in which the 
velocity of reaction was determined at various substrate 
concentrations in the presence and absence of the inhibitors. 
The substrate concentrations chosen were such that a plot of 
[S]/v against [S] gave a straight line, i.e. where the term 
[S]"/K, is negligible. 
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The results of these experimenis are presented in 
Figs. 15-18, using the graphical analysis outlined 
above, where 1/v is plotted against 1/[S]. e? 
2 
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Fig. 17. Plot of reciprocal of reaction velocity (1/v) against 
(1/[S}) for the pH 4-5 ox-spleen B-glucuronidase fraction | of 
in the presence of mucate and saccharate. A, control; for 
B, 2x10-*m-mucate; C, 2x10-‘m-saccharate. Sub- [| ca 
strate, phenolphthalein glucuronide. » ine 
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Fig. 18. Plot of reciprocal of reaction velocity (1/v) against | che 
(1/[S]) for the pH 5-2 ox-spleen B-glucuronidase fraction the 
in the presence of mucate and p-saccharate. A, control; mo 
B, 5x10-*m-mucate; C, 2x10-4m-saccharate. Sub- act 
strate, phenylglucuronide. late 
pos 
It will be clearly seen from Fig. 15 that for the 
pH 3-4 fraction, all the four inhibitors examined are 
competitive in nature, and from Figs. 16 and 17 the 
same applies for the pH 4-5 fraction. In each case whi 
the value for 1/V,,,.. is unchanged in the presence | inh 





ce 
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of inhibitor and only the slope of the graph is in- 
creased. With the pH 4-5 fraction, the inhibition 
exerted by oxalate was so weak (less than 10% at 
2x 10-?m-oxalate) that its type could not be estab- 
lished. 

With the fraction having an optimum at pH 5-2, 
citrate and oxalate exert no inhibition at all, but 
both mucate and saccharate exert non-competitive 
inhibition (Fig. 18). The findings from all these 
experiments are summarized in Table 8. 


Table 8. Type of inhibition exerted by various 
inhibitors on the three ox-spleen B-glucuronidase 


fractions 
B-Glucuronidase fraction 
K 





c Y 
Inhibitor pH 3-4 pH 4-5 pH 5-2 
Citrate Competitive Competitive No inhibition 
Oxalate Competitive ° No inhibition 
Mucate Competitive Competitive Non-competitive 
Saccharate Competitive Competitive Non-competitive 


* Inhibition of such a low order as to prevent an 
accurate assessment of type. 


From the data presented in Figs. 15-17 the values 
of K,, the enzyme inhibitor dissociation constants 
for the cases of competitive inhibition, can be 
calculated using equation 12 above, where the 
increase in the slope of the 1/v against 1/[S] plot 
in the presence of inhibitor equals K,[J]/K,, the 
values of K, used being those calculated from the 
slope and the inverse velocity intercept of the 1/v 
against 1/[S] plots in the absence of inhibitor as 
quoted above. The values of K, so calculated are 
presented in Table 9. 


Table 9. Values of the enzyme-inhibitor dissociation 
constants (K,) for two ox-spleen B-glucuronidase 
fractions 


(Expressed as molarity of inhibitor.) 


8-Glucuronidase fraction 





Inhibitor pH 3-4 pH 4:5 
Citrate 7-2x10-? 1-22 x 10-1 
Oxalate 7-4 x 10-2 — 
Mucate 4-1 x10-4 1-7 x10-* 
Saccharate 5-7 x 10-5 48 x10-3 


By using the method adopted by Eadie (1942) for 
cholinesterase and by Wills & Wormall (1950) for 
the suramin inhibition of urease, the number of 
molecules of inhibitor which combine with each 
active centre of the enzyme molecule can be caleu- 
lated. From the Michaelis-Menten equation it is 
possible to derive the equation 


a+r, (13) 


a. 
where v=initial velocity, [J]=concentration of 
inhibitor, n=number of molecules inhibitor per 


Biochem. 1953, 53 


OX-SPLEEN £-GLUCURONIDASE 241 


active centre of enzyme, and a and b are constants. 
When 1/v is plotted against a power of the inhibitor 
concentration a straight line will be obtained. 

Using the available data for the inhibition by 
saccharate of the enzymes having pH optima at 3-4 
and 4-5 (cf. Table 7), the values of n giving straight 
lines are 2 and 3 for the two enzymes respectively 
(Fig. 19). 

It follows, therefore, that if one molecule of 
substrate reacts per active enzyme centre and if 
non-inhibitive substrate concentrations are used, 
the molecular ratio of inhibitor to substrate for 
competitive inhibition is 2 in the case of the pH 3-4 
B-glucuronidase fraction, and 3 in the case of the 
pH 4-5 fraction. 


T 
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Fig. 19. Plot of (1/v) against a power of inhibitor concen- 
tration (saccharate) for the pH 3-4 fraction (A) and the 
pH 4-5 fraction (B). 


In the case of the £-glucuronidase fraction with 
pH optimum at 5-2, where inhibition by saccharate 
and mucate is non-competitive, the concentration of 
saccharate to cause 50% inhibition is 1-5 x 10-*m, 
inhibition being 100% at 10-*m and falling to zero 
at 5x 10-5m. Mucate is again not such a power- 
ful inhibitor as saccharate, a concentration of 
5 x 10-4M, as used in the experiments recorded in 
Fig. 18, causing only 36 % inhibition. 


Inhibition by ascorbic acid 


Contrary to the statement of Karunairatnam & 
Levvy (1949), Becker & Friedenwald (1949) showed 
ascorbic acid to be an inhibitor of B-glucuronidase 
preparations. In the present work we have con- 
firmed the findings of the latter workers and have 
shown ascorbic acid to be a non-competitive in- 
hibitor for all three, ox-spleen f-glucuronidase 
fractions. A typical experiment for the fraction 
with optimum at pH 4-5 is recorded in Fig. 20. 
There is clearly a change in both the slope of the 
graph and the value of 1/V,,,,.., indicating non- 
competitive inhibition. 

Ascorbic acid inhibits the three ox-spleen frac- 
tions to a similar extent, a concentration of 10-°m 
(17-6 mg./100 ml.) causing approximately 50% 

16 
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inhibition in all three cases. Becker & Friedenwald 
(1949) found 2 mg./100 ml. to cause 22 % inhibition 
inhibition, 
results which correspond well with the present work. 


and 20mg./100ml. to cause 83% 
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Fig. 20. Plot of (1/v) against (1/[S]) for the pH 4-5 ox- 
spleen £-glucuronidase fraction in the presence of as- 
corbic acid. Substrate, phenolphthalein glucuronide. 
A, control; B, 10-°M-ascorbie acid. 
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Fig. 21. Inhibition of pH 4-5 ox-spleen £-glucuronidase 
fraction by 10-*m-suramin as a function of pH. 


Inhibition by suramin 


Wills & Wormall (1950) have demonstrated that 
suramin, a polysulphonic acid trypanocidal drug, 
inhibits a number of enzymes, the inhibition being 
pH sensitive and changing from 100% to zero 
inhibition over a fairly narrow pH range. The pH at 
which 50 % inhibition was observed was very close 
to the isoelectric points of the enzymes studied. 
Suramin has been examined for its inhibitcry 
effects on the ox-spleen f-glucuronidase fractions 
and the pH-sensitive type of inhibition has been 
found in all cases. A plot of the percentage inhibi- 
tion against pH of the pH 4-5 ox-spleen B-glucuroni- 
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dase fraction by 10-4M-suramin is given in Fig. 2], 
The change from 100% to zero inhibition occurs 
over a range of 0-7 pH units with 50 % inhibition at 


pH 4-9. One interesting feature of the effect of } 


suramin is its activating effect at pH values over 5:2, 
which has been consistently seen. This activation is 
seen with some other acidic compounds, and further 
work is in progress to elucidate its nature. 

If the suggestion of Wills & Wormall (1950) is 
correct, the point of 50% inhibition (pH 4-9) may 
be taken as the isoelectric point of this fraction. 
No matter what preparation of B-glucuronidase is 
used, the pH for 50% inhibition always falls near 
pH 4-9 (pH 4-8-5-1). The inhibition by suramin, 
measured at the 50% point, has been shown by 
the method of Lineweaver & Burk (1934) to be 
non-competitive. 
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Fig. 22. Inhibition of pH 4-5 ox-spleen -glucuronidase 
fraction by heparin as a function of pH. 


Inhibition by heparin 


Becker & Friedenwald (1949) showed heparin to 
have an inhibitory effect upon f-glucuronidase 
preparations of the order of 50 % at a concentration 
of 0-4 mg./100ml. It had previously been shown by 
Jaques (1943) that heparin combines with proteins 
and that this combination is influenced by pH. We 
considered it likely, therefore, that the inhibitory 
effect of heparin on f-glucuronidase might vary 
with pH in the same manner as the suramin in- 
hibition. 

At a concentration of 0-5 mg./100 ml., heparin 
showed an inhibition which varied with pH as illus- 
trated in Fig. 22. 

An additional factor seen in this case is that the 
inhibition never reaches zero as in the case of 
suramin. It is suggested that here there may be 
two components in the inhibition, one which shows 
pH sensitivity and which may be related to the 
sulphate groups of the heparin molecule, and 
another, not showing yariation with pH, which may 
be related to the carboxyl groups of the heparin 
molecule. 
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Effect of miscellaneous compounds on B-glucuronidase 


The following substances caused no inhibition of 
£-glucuronidase preparations at a concentration of 
10-*M: zine, copper, calcium, magnesium and lead 
acetates ; sodium dithionite, pyrophosphate, arsen- 
ate, arsenite, fluoride and thioglycollate. Formal- 
dehyde caused only 15 % inhibition of the fractions 
with optima at pH 4-5 and 5-2 at a concentration of 
15% (w/v). 

DISCUSSION 
Evidence has been presented here for the existence 
in ox spleen of at least three f-glucuronidase 
fractions, having pH optima at 3-4, 4-5 and 5-2. It 
has been shown that these activities are capable of 
fractionation and that the properties of the indi- 
vidual fractions, particularly the energies of activa- 
tion, effect of substrate concentration and the effect 
of inhibitors, are sufficiently different for it to be con- 
cluded that they are, in fact, three separate enzymes. 

In all work in which a particular enzymic 
activity of a tissue is separated into a number of 
fractions having different properties a question 
which must inevitably arise is, are we actually 
dealing with a mixture of enzymes which pre-exist 
in the tissue, or are we starting with a parent mole- 
cule and breaking it up into sub-units or artifacts 
which actually have different properties and 
properties different from the whole? A related 
question which must also arise is, does not the 
fractionation procedure simply remove some in- 
hibitory or similar factor originally present, and, in 
doing so to varying extents in different fractions, 
thus modify the originai activity to produce fractions 
which appear different, but which actually only 
differ in amount of inhibitory or other factor present ? 

Experimental data which give an answer to these 
questions are those from the results of the pH- 
activity curves of crude unfractionated ox-spleen 
extracts at various concentrations of substrate 
shown in Fig. 1. In view of the results, which show 
a changing shape of the pH-activity curve as the 
substrate concentration changes, the natural con- 
clusion is that more than one enzyme exists in ox- 
spleen extracts and this is very obvious at the 
extremes of the curves. The variation in shape of 
pH-activity curves shown in Fig. 1 are those which 
may be predicted from the behaviour of the 
separated glucuronidase fractions at varying con- 
centration of substrate shown in Fig. 7. This is good 
evidence for the belief that the three separated 
glucuronidases are not artifacts of the separation 
procedure but are in fact present in the original 
extracts. 

In all experiments so far carried out, evidence has 
been obtained in favour of the existence of the 
enzyme active at low pH values and in a few ex- 
periments, in particular the one recorded in Fig. 1, 


OX-SPLEEN £-GLUCURONIDASE 


243 


there is evidence for an enzyme active at higher 
pH values, namely around pH 6-5—7-0. While no 
attempts to isolate this latter enzyme have so far 
been made, evidence at present available suggests 
that such an enzyme probably exists and could 
possibly be isolated. It has been found that many 
ox-spleen extracts are very poor in this particular 
enzyme, but that it is present in much greater 
amounts in liver. From the data shown in Fig. 1, it 
appears that this enzyme which shows its activity 
around pH 6-5—7-0 acts optimally at much higher 
substrate concentrations than the other three 
spleen enzymes, namely at around 0-003—0-004m- 
phenolphthalein glucuronide. 

In the recent work of Sarkar & Sumner (1950) on 
ox-liver glucuronidase, the pH-activity curve of 
their preparation is claimed to show only one 
optimum, but it might, from their published data, 
have two optima. 

The evidence from the ammonium sulphate pre- 
cipitation and elution experiments recorded above 
give the impression that, while the enzymes acting 
optimally at pH 3-4 and 4-5 are distinct in their 
activities, there is some physical affinity between 
them which makes their separation difficult. In the 
presence of high concentrations of salts and an 
adsorptive agent, the pH 3-4 enzymic activity is 
lost but is regained upon dialysis. 

The electrophoretic data recorded in Figs. 5 and 6 
indicate their great similarity in nature but also the 
separability of the ox-spleen enzyme, and these 
data, along with other results to be presented in a 
subsequent paper, indicate that the isoelectric 
points of the ox-spleen glucuronidases all lie in the 
region of pH 5. Bernfeld & Fishman (1950a) have 
recently claimed to have obtained an electro- 
phoretically homogeneous preparation of calf- 
spleen glucuronidase and state (Bernfeld & Fishman, 
1950b) that the isoelectric point of this preparation 
lies between pH 7-5 and 8-0. 

The evidence which we have available leads us to 
believe that glucuronidase may exist in the original 
tissue as a complex of closely related protein mole- 
cules, or possibly a series of protein molecules on a 
carrier protein molecule, and that while each 
activity can be separated it is probably only active 
in the presence of the carrier molecule. 

The demonstration, in confirmation of the work of 
Oshima (1936), of the inhibitory action of citrate is 
extremely interesting in that it is further evidence in 
favour of the pre-existence of the separate enzymes 
in the original tissue, since only the enzymes with 
pH optima at 3-4 and 4-5 are inhibited and not that 
with optimum at 5-2. 

This raises serious doubts concerning work on 
glucuronidase carried out in citrate buffer. As has 
been shown here, citrate acts as a competitive in- 
hibitor and the degree of inhibition of the enzymes 
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with optima at pH 3-4 and 4-5 will depend not only 
upon the concentration of citrate, but also on the 
concentration of substrate. These facts may explain 
the peculiar shape of the substrate concentration- 
velocity curve for phenylglucuronide obtained by 
Kerr et al. (1948) in which activity was zero below 
0-0025M-phenylglucuronide, a concentration at 
which all three enzymes show significant activity 
(ef. Fig. 8). The results of Kerr et al. (1948) were 
obtained at pH 5-2 in citrate buffer using un- 
fractionated mouse-spleen extracts. The figure for 
the Michaelis constant given by these workers 
(0-0035M), is considerably too high in view of the 
citrate inhibition and the inapplicability of the 
Michaelis & Menten (1913) method of calculation, 
consequent upon the substrate inhibition shown by 
Kerr et al. (1948). 

Figures for enzyme-substrate dissociation con- 
stants quoted by other workers (Fishman, 1939; 
Talalay et al. 1946), particularly that for phenol- 
phthalein glucuronide (Talalay et al. 1946) where a 
mixed spleen, liver and kidney preparation was used, 
must also be revised since they were determined on 
unfractionated enzymes. The value given by these 
latter workers in the case of phenolphthalein 
glucuronide (0-00005mM) is much lower than any of 
those obtained in the present work and, as will be 
shown in a later paper, much closer to that for the 
liver glucuronidases. 

Turning to the inhibition by mucate and sac- 
charate, it has been shown that these compounds 
cause competitive inhibition of the enzymes with 
optima at pH 3-4 and 4-5, while inhibiting the 
enzyme with optimum at pH 5-2 inanon-competitive 
manner. Karunairatnam & Levvy (1949) claimed 
that saccharate at pH 5-2 in citrate buffer caused 
competitive inhibition of a separated mouse-liver 
glucuronidase fraction in the same manner as at 
pH 4-5. This is at variance with the present findings 
and may be explained in part by the fact that these 
workers used citrate buffers in their enzyme assays. 
However, an analysis of the published results of 
Karunairatnam & Levvy (1949) by the present 
authors, using the method of Lineweaver & Burk 
(1934), shows that non-competitive inhibition is 
actually obtained. The value of K; quoted by 
Karunairatnam & Levvy (1949) therefore has no 
meaning. 

More recently Spencer & Williams (1951), when 
working at pH 5-2, stated that saccharate was a 
competitive inhibitor of f-glucuronidase. These 
workers used an inapplicable method in the analysis 
of their results since they rearranged the Line- 
weaver & Burk equation for competitive inhibition 
(equation 11 above) into the form 

7 K, 
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and then by plotting V,,,/v—1 against [J] 


obtained a straight line. All that this method of | 


analysis proves is that the intensity of inhibition 
varies with the inhibitor concentration. They 
publish no data which would allow a determination 
of the type of inhibition exerted by saccharate at 
pH 5-2. In this case also, the value of K, published 
has no meaning. 

In the work of Karunairatnam & Levvy (1949), 
oxalate, tartrate and ascorbate are stated to have 
no inhibitory action on B-glucuronidase, but in the 
present work all three are shown to inhibit £- 
glucuronidase, and the last has also been shown, by 
Becker & Friedenwald (1949), to be an inhibitor of 
B-glucuronidase. 

Examination of the factors necessary for the 
inhibition of B-glucuronidase reveals that all com- 
pounds examined which show inhibitory action are 
acids. Monocarboxylic acids, with the exception of 
glucuronic acid, inhibit 8-glucuronidase only very 
weakly, whereas dicarboxylic acids show a much 
greater inhibitory power. The dicarboxylic acids 
having a structure resembling glucuronic acid show 


CHOH 


groups in the molecule are necessary for great in- 
hibition by the carboxylic acids, and the more 
closely the structure resembles that of glucuronic 
acid, the greater is the inhibition. These findings 
are in agreement with the findings of Spencer & 
Williams (1951). 

Of the other acidic compounds which are known 
to inhibit -glucuronidase, for example ascorbic 
acid, suramin and heparin, all contain two or more 
acidic groupings. In view of these findings it is 
suggested that the active centre in the B-glucuroni- 
dases may be basic in character, but may differ in 
some way in the case of the enzyme with optima at 
pH 5-2 from that of the enzymes with optima at 
pH 3-4 and 4:5. 

Many discrepancies in the literature of this 
subject result from the multiple nature of - 
glucuronidase. 


the greatest effect. It would appear that » 


SUMMARY 


1. Evidence has been presented for the occur- 
rence in ox-spleen of three 8-glucuronidase fractions 
having pH optima at 3-4, 4-5 and 5-2. 

2. An examination of the effects of the variation 
in substrate concentration upon reaction velocity, 
the energies of activation and the effects of various 
inhibitors, leads to the conclusion that the three 
fractions may be considered as separate enzymes. 

3. An analysis of the inhibition caused by excess 
substrate indicates that this inhibition is caused by 
the active enzyme-substrate complex combining 
with further molecules of substrate to form an 
inactive complex. 
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4. It has been shown, in confirmation of Oshima 
(1936), that various carboxylic acids inhibit B- 
glucuronidase preparations. Of these, citric acid 
inhibits the enzyme fractions with pH optima at 
3-4 and 4-5 but has no action on the fraction with 
optimum at pH 5-2. 

5. Mucate and saccharate have been shown to 
exert competitive inhibition on the enzyme fractions 
with pH optima at 3-4 and 4-5, but to exert non- 
competitive inhibition on the fraction with opti- 
mum at pH 5-2. 
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6. Suramin and heparin have been shown to be 
inhibitors of B-glucuronidase, the inhibition being 
pH-sensitive. 

7. The possible nature of the state of the separ- 
ated enzymes in the original tissue is discussed, as 
also are the factors necessary for the inhibition of 
B-glucuronidase. 

The expenses of this research were defrayed in part from 
the Rankin Fund of the University of Glasgow and by a 
grant from the Carnegie Trust for the Universities of Scot- 
land which are acknowledged with grateful thanks. 
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Studies on 6-Glucuronidase 


3. THE INFLUENCE OF AGE, PARTIAL HEPATECTOMY AND OTHER FACTORS 
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Fishman (1940) showed that administration of 
borneol to dogs and menthol to mice caused a 
significant increase in the B-glucuronidase activity 
of liver, kidney and spleen but not of the testes, 
ovary, uterus or vagina. Fishman concluded, on the 
basis of these results, that the observed rise in B- 
glucuronidase activity was an adaptation to the 
excess of substrate for the assumed synthesis of 
glucuronides by f-glucuronidase. Fishman & 
Fishman (1944) demonstrated that administration 
of oestrogens to mice caused an increase in uterine 
B-glucuronidase but had no effect on liver B- 
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glucuronidase activity. Fishman (1947) extended 
this work by showing that administration of doses of 
oestrogens within physiological limits causes a rise 
in the uterine £-glucuronidase activity of ovari- 
ectomized mice, the rise not being antagonized by 
testosterone. Fishman supposed that B-glucuroni- 
dase has a fundamental role in the physiological 
action of oestrogens. The assumption was made that 
the enzyme was specific in its action, differing for the 
uterus on one hand and the liver, kidney and spleen 
on the other. No such absolute specificity has been 
shown to exist in the hydrolytic action of B- 
glucuronidase, the enzyme from uterus, liver, 
kidney or spleen being capable of hydrolysing 








oestriol glucuronide and many other glucuronides 
(cf. Fishman, 1939, 1947; Kerr, Campbell & 
Levvy, 1949). 

Levvy, Kerr & Campbell (1948) confirmed the 
effects of the administration of menthol on the f- 
glucuronidase activity of mouse liver and kidney, 
but found the spleen £-glucuronidase activity to be 
unaffected. These workers found menthol to cause 
considerable tissue damage and came to the con- 
clusion that the elevated 8-glucuronidase activity 
was associated with an increase in cell proliferation 
following injury. Other agents which cause damage 
in liver or kidney, e.g. chloroform, carbon tetra- 
chloride, mercuric nitrate, phenyl arsenoxide and 
uranyl acetate were found by Levvy et al. (1948) to 
cause an elevation of 8-glucuronidase activity of the 
organ in question. They also showed the livers, 
kidneys and spleens of infant mice to have a higher 
B-glucuronidase activity than those of adult mice, 
and also that the livers of adult mice 3-8 days after 
subtotal hepatectomy had an elevated B-glucuroni- 
dase activity. These workers concluded that an 
increase in the 8-glucuronidase activity of an organ 
was found, in general, to be associated with active 
cellular proliferation. Kerr et al. (1949) extended 
this work to the effects of oestrogens on the B- 
glucuronidase activity of mouse uterus, with the 
same conclusions. Kerr, Campbell & Levvy (1950) 
adduced further evidence in favour of their hypo- 
thesis, showing that colchicine, while having no 
action on the liver-8-glucuronidase activity of 
normal mice, prevented the increases usually seen 
following various toxic agents or partial hepat- 
ectomy, and correlated these findings with the well 
known effects of colchicine on cell division. 

Fishman, Anlyan & Gordon (1947) noted that 
many malignant, human neoplasms showed a 
higher £-glucuronidase activity than the normal 
tissue of origin. This work was extended by Fishman 
& Bigelow (1950) with astudy of the B-glucuronidase 
activity of human gastro-intestinal neoplasms 
which confirmed their original observations, with 
the additional finding that involved lymph nodes 
also showed higher £-glucuronidase activities than 
uninvolved lymph nodes. The possibility that these 
findings only reflect a change in cell type and are not 
directly related to the increased cellular prolifera- 
tion or cancerous changes per se may also apply to 
the findings of Kerr et al. (1950) on the increased B- 
glucuronidase activity in proliferating breast tissue 
in the mouse. It has been shown by Mills & Smith 
(1951) that hepatoma tissue induced in rats by 
feeding dimethylaminoazobenzene has a lower f- 
glucuronidase activity than normal rat liver. Here, 
the distribution of cell type in the hepatoma is more 
nearly that of normal tissue of origin than in the cases 
of most other tumours. This suggests that increased 
B-glucuronidase activities are not necessarily an 
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indication of active cell proliferation or cancerous 
changes. 

The present work was undertaken in order to 
ascertain whether or not the hypothesis of Levvy 
et al. (1948), that increased £-glucuronidase 
activities are an indication of increased cellular 
proliferation in mice, applies to rats also. Use has 
been made in the present work of the deoxyribo- 
nucleic acid (DNA) content of tissues as an index of 
cell number as suggested by Davidson & Leslie 
(1950a, b), in order to measure the actual degree of 
cellular proliferation by a direct chemical means 
rather than by histological examination. The results 
of this work indicate that, in the rat, there would 
appear to be no direct correlation between the f- 
glucuronidase activity of a tissue and the degree of 
cell proliferation in that tissue. 

Preliminary accounts of this work have already 
appeared (Mills, Smith, Stary & Leslie, 1950; 
Mills, 1951). 

METHODS 


Assay of B-glucuronidase activity 


Assays by the method using phenolphthalein glucuronide 
(Mills, 1948; Mills, Paul & Smith, 1953) were carried out on 
a 1% (w/v) homogenate of the tissue in water, prepared in 
the all glass homogenizer of Potter & Elvehjem (1936). The 
tissue was chilled in ice before and during homogenization 
and the assays were carried out immediately after the 
preparation of the homogenate, the pH of assay and buffer 
used being indicated for each experiment. 1 glucuronidase 
unit =1 yg. phenolphthalein liberated per hour under the 
conditions of assay specified. 

It has been shown by Kerr & Levvy (1951) and Walker & 
Levvy (1951a) that about 40% of the B-glucuronidase of 
mouse-liver homogenates in water is sedimentable in high 
gravitational fields (20000-25000 g), but is brought into 
solution by incubation at 37° in acetate buffer or by treat- 
ment with Teepol XL or Triton X-100 or disintegration in 
the Waring Blendor. It was claimed by Kerr & Levvy 
(1951) that it was only the soluble enzyme in the original 
water homogenate which showed differences in the infant 
and adult mouse liver and before and after partial hepat- 
ectomy, the ‘insoluble’ enzyme remaining relatively 
constant. These workers showed, however, that the 
‘soluble’ and ‘insoluble’ enzyme behaved identically in the 
hydrolysis of phenolphthalein glucuronide and concluded 
that there was no reason to suppose that the ‘insoluble’ 
enzyme was any less active in the tissue than the ‘soluble’ 
enzyme. 

Since the large and small granules of the liver cell vary in 
composition and number under various conditions it was 
considered, in the present work, that the portion of B- 
glucuronidase resident in these fractions of the cell should 
be included in the estimate of B-glucuronidese activity. 
Consequently a total homogenate of liver was used. 

It has been shown by Kerr & Levvy (1951) and Walker & 
Levvy (1951a) that the total 6-glucuronidase activity is 
found in a total homogenate of mouse liver, although 
Walker & Levvy (19515) claim that this is not so for rat 
liver, a surface active agent such as Triton X-100 being 
necessary to realize full activity. In the present work it has 
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been found that Triton X-100 at concentrations of 0-0075- 
0-075% caused a 20-30% increase in the B-glucuronidase 
activity of mouse-liver homogenates. Ultrasonic disin- 
tegration of mouse-liver homogenates (15 min. at 2 Mcyc./ 
sec. at 600 W. output; Mullard High Frequency Ultrasonic 
Generator, Type E. 7562) caused no increase in the f- 
glucuronidase activity and it would appear, therefore, that 
total water homogenates will give the true 6-glucuronidase 
activity. We have found that Triton X-100 at the above 
concentrations caused a 30% activation of purified ox-liver 
B-glucuronidase and the use of ultrasonic disintegration is to 
be preferred to the use of chemical dispersing agents in view 
of the activating effect of Triton X-100. It has been found 
in this laboratory that ultrasonic disintegration causes a 
complete breakdown of cells, cell nuclei and cytoplasmic 
granules, and has no effect on the activity of B-glucuronidase 
in true solution. 

It has been found that Triton X-100 at the above concen- 
trations caused a variable activation of the B-glucuronidase 
activity of rat-liver homogenates, and in some cases there 
are discrepancies between the f-glucuronidase activity of 
such homogenates before and after ultrasonic disintegra- 
tion. However, in the majority of cases, true enzymic 
activities as indicated by the ultrasonic-treated homo- 
genates were given by the simple total water homogenates. 


Estimation of ribonucleic acid (RNA), 
deoxyribonucleic acid (DNA) and protein nitrogen 


Estimations of RNA and DNA were carried out on 0-5 g. 
samples of tissue by the method of Schmidt & Thannhauser 
(1946), the phosphorus being determined by the method of 
Allen (1940). Protein N estimations were carried out on a 
sample of the alkaline digest of the tissue during the 
Schmidt & Thannhauser (1946) procedure, after removal of 
acid-soluble phosphorus and lipid from the tissue, by the 
method of Ma & Zuazaga (1942) using the Markham (1942) 
distillation unit. 

Results are expressed as wg. RNA phosphorus (RNAP) or 
DNA phosphorus (DNAP) and mg. protein N per g. fresh 
tissue. 

Estimation of liver fat 


This was carried out by the method of Channon & 
Wilkinson (1935) which estimates total fatty acids and 
unsaponifiable matter. 


Treatment of animals 


All experiments recorded were carried out on male albino 
rats, and, with the exception of the growth experiment, 
animals of 200-250 g. body weight were used. Partial 
hepatectomies were carried out by the method of Higgins & 
Anderson (1931) under ether anaesthesia. By this procedure 
the median and left.lateral lobes, comprising about two- 
thirds of the total liver, are removed. The animals were kept 
in individual cages in a room at 22° and were allowed 5% 
glucose as drinking fluid for the first 24 hr. in addition to free 
access to food. In the case of sham-operated controls, the 
operative procedure was the same as for partial hepatectomy, 
but with no interference with the liver. Bilateral adrenal- 
ectomies were carried out under ether anaesthesia, employ- 
ing the dorsal approach. The animals were allowed 1% NaCl 
solution as drinking fluid after the operation. 

Carbon tetrachloride (0-5 g./100 g. body weight) was 
injected subcutaneously in a 40% (w/v) solution in arachis 
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oil; controls receiving arachis oil alone in amount equivalent 
to the test animals on a body-weight basis. 

Fatty infiltration of the liver was induced by the high fat- 
low protein diet F of Channon, Mills & Platt (1943). 


The use of the deoxyribonucleic acid (DNA) content 
of the liver as an index of cell number 


Boivin, Vendrely & Vendrely (1948) showed that the 
DNA content of the nuclei of somatic cells of a single species 
was double that of the corresponding haploid cells and was 
relatively constant in value. These findings were confirmed 
by Mirsky & Ris (1949), Vendrely & Vendrely (1949) and 
Davidson, Leslie, Smellie & Thomson (1950), who have 
shown that the absolute amounts of DNA per nucleus fall 
within a compact group for a variety of mammalian species 
and remain relatively constant for a given species. 
Davidson & Leslie (1950a, b) have proposed, on the basis of 
this constancy of the DNA content of the nucleus, that the 
DNA content of a tissue can be used as an index of cell 
number. If the enzymic activity and DNA content of a 
tissue are determined simultaneously, the relation of the 
enzymic activity to the DNA content of that tissue will give 
an indication of the enzymic activity per cell. Heagy & 
Thomson (1952) have found that the DNAP content of the 
adult rat-liver nucleus is 0-913 + 0-073 (s.£.) x 10-6 wg., and 
that of embryonic and infant rat-liver nuclei (up to about 
40 days old) is 0-76 x 10=* wg. This difference is explained on 
the basis of the distribution of diploid, tetraploid and octa- 
ploid nuclei present. In the embryonic and infant liver 
there is a preponderance of diploid nuclei, and in the adult 
rat liver a preponderance of tetraploid nuclei, octaploid 
nuclei being very small in number in both groups (ef. 
Swift, 1950; Leuchtenberger, Vendrely & Vendrely, 1951; 
Harrison, 1951), the tetraploid nucleus containing twice the 
amount of DNA as the diploid nucleus. The ratio of diploid 
to tetraploid nuclei in rat liver, estimated by the DNA 
content of the nuclei, is relatively constant up to about 
40 days old and then gradually changes to the adult level. 

Heagy & Thomson (1952) have also found that the DNA 
per liver cell nucleus does not alter in the adult rat under 
various dietary conditions, particularly on the high-fat and 
low-protein diet which produces fatty livers. They have 
found, however, that following partial hepatectomy there 
are some small alterations in the DNA per liver cell nucleus; 
these changes will be discussed later. 


RESULTS 
B-Glucuronidase of rat liver during maturation 


The f-glucuronidase activity and DNA concentra- 
tion of rat livers were measured at various times 
from 16 days embryonic life until 220 days after 
birth, and the £-glucuronidase activities determined 
at pH 4-5 in acetate buffer are shown as a function of 
age in Fig. 1. It will be noted that the £-glucuroni- 
dase activity rises from low levels before birth to a 
maximum around 25-30 days after birth and then 
falls to the adult level by about 80—90 days. Inter- 
pretation of these results with reference to the 
growth rate of the liver is difficult, since not only is 
the f-glucuronidase activity varying, but so alse 
are the size and composition of the liver. It was 
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considered that the method of analysis likely to give 
the clearest picture was the allometric method first 
suggested by Huxley (1924) and later used by 
Tessier (1931) and Needham (1932) in order to study 
a varying part of a varying whole, where the re- 
lationship y=bz" is utilized. This equation in its 
form log y=log b+ k log x, where b and k are con- 
stants and x and y are the variables, enables us to 
plot log (total enzyme content of the liver) against 
log (liver weight) and so determine the relative rates 
of accumulation of f-glucuronidase activity and 
liver mass. 
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Fig. 1. The f-glucuronidase activity of male rat liver at 

various ages. Assay using phenolphthalein glucuronide 


at pH 4-5. 
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Fig. 2. Allometric plot of total -glucuronidase activity of 
male rat liver against liver weight (see text p. 248). 


This has been done for the f-glucuronidase 
activity assayed at pH 4-5 and the results are 
presented in Fig. 2. 

The most obvious feature is the two distinct 
phases of the accumulation graph, the early phase 
when f-glucuronidase activity is accumulating 
more rapidly than liver mass, and the later phase 
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when glucuronidase is accumulating more slowly 
than liver mass, the point of transition occurring at 
18 days old. While this method of analysis elimi- 
nates difficulties due to the variation in size of the 
liver, it does not remove the complications of the 
varying composition of the liver. In place of liver 
weight we have substituted the DNA content of the 
liver, since this will give us an index of the cell 
number in the liver, and a-plot of log (total glucu- 
ronidase activity of the liver) against log (total DNA 
content of the liver) will give information about the 
rate of accumulation of glucuronidase activity 
relative to cell number (Fig. 3). Here again it is 
clear that there are two distinct phases in the 
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Fig. 3. Allometric plot of total 8-glucuronidase activity of 
male rat liver against total DNA content of the liver } 
(see text p. 248). 


accumulation of f-glucuronidase activity, the 
early phase when the slope of the line=2 and the | 
later stage when the slope = 1. This indicates that 

up to a certain stage the £-glucuronidase activity is 
accumulating faster than the number of cells but ' 
that afterwards the accumulation rates are identical, 
i.e. the B-glucuronidase content per cell is constant. 
The time of transition is 18 days after birth. During 
the phase when f-glucuronidase activity related to 
DNA is increasing, the DNA content of the cell 
nucleus is constant and it is only after 40 days of age, 
i.e. long after the point of transition, that the DNA 
per nucleus begins to increase to the adult level. The 
period of maximum growth is around 20 days and 
that of maximum f-glucuronidase activity 25-30 
days after birth, times when the f§-glucuronidase 
activity per cell is constant. 

It has been found that the f-glucuronidase 
activity assayed at the four pH values 3-4, 4-5, 5-2 
and 7-0 (the optima of .the four £-glucuronidase 
fractions found in liver by Mills & Smith, 1952) 
react in an identical manner. 


| 
: 
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The effect of partial hepatectomy on the 
B-glucuronidase activity of rat liver 


Seventy male adult rats were subjected to partial 
hepatectomy and the animals studied over a period 
of 10 days after the operation. Not less than six 
animals were examined at any one time and the 


Regenerated (%) 


DNA growth rate 
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Glucuronidase activity (unitsx10°/g.) 


Fig. 4. The B-glucuronidase activity of male rat liver 
following partial hepatectomy in relation to the DNA 
growth rate and the percentage regeneration of liver 
weight, liver protein and liver DNA. (a) Percentage 
regeneration of liver weight, @—@; liver protein N, 
m--—-@; and liver DNA, x----x. (b) B-Glucuroni- 
dase activity with standard error of the means, @—®@, 
and the DNA growth rate, —--—-, expressed as dW/W .dt 
where W =DNA content and ¢=time in days. 


results averaged. B-Glucuronidase activity was 
determined at pH 4-5 (acetate buffer) and simul- 
taneous analyses were made for DNA, RNA and 
protein N. The results of this experiment are 
presented in Fig. 4. 
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The period of most rapid growth is over the 
second to fourth days after operation, at the end of 
which time the liver mass has reached 75%, the 
DNA 81% and the protein N 83% of normal. It 
will also be seen that the rate of cell proliferation as 
measured by the DNA growth rate is maximal 
between the second and third day and thereafter 
declines rapidly. During this phase of rapid growth 
the B-glucuronidase activity remains constant and 
only shows a significant rise to 60-70% above 
normal at the fourth day, the elevated activity 
being maintained over the whole of the remaining 
period of the experiment when the cel! proliferation 
rate is low. 

When the £-glucuronidase activity and the protein 
N are correlated with DNA, it is seen (Table 1) that 
the f-glucuronidase activity/DNA ratio shows a 
distinct rise at 4 days which is maintained over the 
period of the experiment and the f-glucuronidase 
activity relative to protein N shows a fall at 3 days 
which is related to an increased protein N per cell. 
This is followed by a rise at 4 days and a subsequent 
further rise at 8 days which is to be related to a fall 
in the protein N per cell to more normal values. 

After partial hepatectomy, Heagy & Thomson 
(1952) have found that the DNA per liver cell 
nucleus of the animals employed here rose by about 
23 %, but returned to the pre-operative level by the 
fifth day. We have therefore calculated the actual 
B-glucuronidase activities per liver cell on the basis 
of the data of these workers and the results are 
presented in Table 1. 


Effect of sham operation 


The results of a sham operation are shown in 
Table 2, where 8-glucuronidase activity (pH 4-5 in 
acetate buffer) is expressed as units/g. and as a 
function of DNA and protein N. 

The significant finding of this experiment was the 
fall in f-glucuronidase activity on the first and 
second day after operation. While this fall is not 
more than 20%, the differences from normal at 
these times are significant at a value of P=0-02. 
The £-glucuronidase was back to normal at 4 days. 


Table 1. Effect of partial hepatectomy on the B-glucuronidase activity, DNA 
and protein-N content of rat liver 


Time after partial 8-Glucuronidase 


B-Glucuronidase 


B-Glucuronidase 


hepatectomy activity/DNA activity/protein N Protein N/DNA activity/cell 
(days) (units/ug. P) (units/ ug.) (ug-/ug. P) (units x 10°) 
Before operation 66 0-62 93 57-0 
1 66 0-68 96 67-0 
2 70 0-63 83 95-3 
3 63 0-51 122 68-6 
4 101 0-87 115 129-0 
5 98 0-85 115 97-0 
6 90 0-80 115 83-0 
8 94 0-92 102 92-0 
10 104 1-01 102 103-0 








Table 2. 
Time after B-Glucuronidase 
operation No. of activity 
(days) animals (units/g.+ S.E.M.) 
Before operation 10 29 290+ 999 
1 5 22 300+ 1500 
2 5 25 600+ 860 
3 5 27 280+ 1980 
4 5 30 780+ 3135 


During the time of the experiment there was no 
change in the number of cells per liver per 100 g. 
body weight as measured by the DNA content of the 
livers. 


The effect of carbon tetrachloride and arachis oil 
injections on rat-liver B-glucuronidase activity 


One group of rats was injected subcutaneously 
with carbon tetrachloride in arachis oil and an 
equal number of animals received arachis oil alone 
by the same route. The animals were examined over 
a period of 12 days, a minimum of five animals 
being examined from each group at any one time. 
B-Glucuronidase activity, DNA and protein con- 
centration were determined on the livers, and the 
results are presented in Fig. 5. 
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Fig. 5. The B-glucuronidase activity of male rat liver in 
relation to protein N and DNA concentration of the livers 
following subcutaneous injection of carbon tetrachloride 
in arachis oil, @—@; and arachis oil alone, @- - - -@. 
Ranges indicate the standard error of the means of the 
glucuronidase actgvities. 


A histological examination of the livers revealed 
that damage by carbon tetrachloride was very 
marked by the second day and that repair processes 
first became apparent on the sixth day. No histo- 
logical difference from normal could be found in the 
livers of the animals receiving arachis oil alone. 

The striking finding in this experiment is the 
marked rise in liver f-glucuronidase activity 
following arachis oil injection. This, coupled with a 
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B-Glucuronidase activity of rat liver in relation to other constituents after sham operation 


B-Glucuronidase 


B-Glucuronidase 
activity/protein N 


activity/DNA Protein N/DNA 


(units/ug. P) (units/ pg.) (ug-/mg- P) 
130 1-12 115 
lll 0-91 118 
117 0-85 142 
121 0-93 131 
lll 1-08 © 100 


constant DNA and protein concentration, indicates 
a great increase in 8-glucuronidase activity per cell. 
In the case of the animals receiving carbon tetra- 
chloride in arachis oil, the rise in £-glucuronidase 
activity is not so marked; in this case there is a 
considerable loss of liver protein. When the f- 
glucuronidase activity and protein-N concentration 
are compared, it will be seen from Fig. 5 that these 
behave relative to one another in a very similar 
manner in the two groups. This, coupled with the 
loss of protein from the livers of animals receiving 
carbon tetrachloride, might be taken to mean that 
there is an actual loss of liver B-glucuronidase 
activity following carbon tetrachloride, which is 
masked by the rise in activity caused by the arachis 
oil. When the repair processes are well advanced, at 
6—9 days as indicated by histological examination, 
the general picture is returning to normal. 


The effect of fatty infiltration of the liver 


In view of the effects of arachis oil injections 
noted above and the possibility that the fatty 
degeneration caused by the carbon tetrachloride 
may influence the B-glucuronidase activity of the 
liver, it was decided to study the influence of the 
relatively simple fatty infiltration of the liver 
caused by a high-fat, low-protein diet. Adult male 
rats were therefore maintained on a high-fat, low- 
protein diet, and groups of five rats examined at 
5-day intervals for liver B-glucuronidase activity, 
DNA and protein-N concentrations. The results of 
this experiment are shown, along with the liver fat 
contents, in Table 3. 

It will be seen that while there is an increase in 
liver B-glucuronidase activity, this is not marked, 
the rise being accompanied by a great increase in 
liver fat. The B-glucuronidase/DNA ratio, however, 
shows a significant increase, while the protein N/ 
DNA ratio shows a decrease, producing a doubling 
of the B-glucuronidase/protein N ratio. Heagy & 
Thomson (1952) have found that the DNA content 
of the liver cell nuclei of such animals with fatty 
livers is the same as that for normal adult rats. This 
means that not only is the B-glucuronidase activity 
per cell increased, but also that when the fat content 
of the liver has reached nearly 7 times normal, there 
is twice as much £-glucuronidase activity relative to 
protein N as in normal animals. 
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Table 3. B-Glucuronidase activity of rat liver in relation to other constituents 
during feeding on fatty-liver diet 
B-Glucuronidase 
Time on ___ -Glucuronidase ‘Fat’* B-Glucuronidase activity/ 
diet No. of _ activity in liver Protein N activity/DNA protein N Protein N/DNA 
Te animals (units/g.+s.E.M.) (%) (mg./g.) (units/pg. P) (units/ ug.) (ug-/ug. P) 
10 14 800+ 442 3-0 26-5 63 0-56 113 
6 15 880+ 1081 6-5 23-0 81 0-69 117 
10 6 18 760+ 435 13-2 16-4 99 1-14 86 
6 18 500+ 672 17-0 17-9 100 1-04 95 
20 6 20 400 + 1885 20-0 17-2 86 1-20 73 


* ‘Fat’ =fatty acids + unsaponifiable matter. 


Table 4. B-Glucuronidase activity of rat liver in relation to other constituents after adrenalectomy 


Time after B-Glucuronidase 
operation No. of activity 
(days) animals (units/g.+s.£.M.) 
Before ere 10 29 290+ 999 
4 28 620+ 1876 
2 4 28 315+ 1377 
3 4 31 42043876 
4 4 30470+ 214 


Effects of adrenalectomy on rat-liver 
B-glucuronidase activity 


The response of liver B-glucuronidase activity to 
various toxic agents might be part of a general 
response to shock in the animal, particularly in the 
case of arachis oil injections, where no readily 
demonstrable changes in the liver occur. In order to 
test this, it was decided to investigate the part the 
adrenals might play in this phenomenon. Conse- 
quently, therefore, the effect of bilateral adrenal- 
ectomy on liver 8-glucuronidase activity was tested. 
Twenty adult male rats were adrenalectomized, 
and examined daily in groups of five, for 4 days after 
operation, the results being presented i in Table 4. 

No significant change took place in the liver B- 
glucuronidase activity (acetate buffer of pH 4-5), in 
contrast to control animals which reacted in pre- 
cisely the same way as recorded in Table 2, namely, 
showing a fall in liver B-glucuronidase activity on 
the first and second day after operation. No other 
changes took place in the materials estimated, with 
the possible exception of RNA which showed a 
small increase. 


DISCUSSION 
The present findings concerning rat-liver - 


glucuronidase activity relative to age are at variance 
with those of Levvy et al. (1948) on mice. It has 
been found in the present work that infant rat-liver 
B-glucuronidase activity is lower than that of the 
adult and that, as age increases, the activity rises to 
&@ maximum at around 25-30 days after birth and 


then declines slightly to the adult level. The period 
of maximum growth of rat liver is around 20 days, 


B-Glucuronidase 


B-Glucuronidase 
activity/protein N 


activity/DNA Protein N/DNA 


(units/pg. P) (units/ ug.) (pg-/pg. P) 
130 1-12 115 
145 1-09 134 
122 1-01 118 
129 1-16 111 
115 1-30 87 


a time when the £-glucuronidase activity is still 
rising. Using the DNA content of the liver as an 
index of cell number, it has been found that the B- 
glucuronidase per cell increases until 18 days post 
partum and thereafter remains constant for the rest 
of life. The precise reason for this sharp transition at 
18 days is obscure, but it may be related to the 
change in endocrine balance of the animal which is 
known to occur around this time. It is possible that 
the increase in the f-glucuronidase activity of the 
liver cell before 18 days of age is in preparation for 
oestrogen metabolism. Since the present findings 
differ markedly from those of Levvy et al. (1948) in 
similar experiments on mice, it must be concluded 
that there is a species difference between mice and 
rats in the behaviour of liver 8-glucuronidase activity 
as a function of age. This conclusion is supported 
by the recent findings of Walker & Levvy (1952). 
The increase in f-glucuronidase activity of rat 
liver seen 4 days after partial hepatectomy and 
maintained for at least 10 days, is similar to that 
seen in mice by Levvy et al. (1948) and Kerr e¢ al. 
(1949, 1950). It is difficult to correlate this in- 
creased £-glucuronidase activity with the degree of 
cellular proliferation in the liver as proposed by 
Levvy et al. (1948). The rapid phase of — th as 
indicated by the DNA growth rate is at 2-4 days 
after operation, and at 4 days, when the £-glucu- 
ronidase activity rises, the growth rate is declining 
rapidly; towards the end of the experimental 
period, the growth rate is low while the 8-glucuroni- 
dase activity remains elevated. Abercrombie & 
Harkness (1951) have shown that maximum mitosis 
in liver occurs 1 and 2 days after partial hepat- 
ectomy. In the present work, the growth rate, as 
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indicated by the DNA growth rate, agrees very 
closely with the results of Brues, Drury & Brues 
(1936) using actual cell counts to follow the growth 
of liver after partial hepatectomy. This is excellent 
evidence for the validity of the use of DNA as an 
index of cell number. It is clear therefore that there 
is no correlation between the observed increase in 
B-glucuronidase activity and the increased cellular 
proliferation following partial hepatectomy. In the 
case of sham operation there is an actual decrease in 
B-glucuronidase activity of the liver which is not 
accompanied by any change in cell number of the 
liver on a standard body weight basis. It is difficult 
at present to correlate this finding, and that of the 
changes in liver 8-glucuronidase activity following 
partial hepatectomy and adrenalectomy, with any 
known changes in the endocrinological or metabolic 
functions of the animal. 

The very profound increase in B-glucuronidase 
activity of the liver seen after subcutaneous in- 
jection of arachis oii is one of the most striking 
findings of the present work. Such an increase was 
not found by Levvy et al. (1948) and it again appears 
as though there is some species difference, although 
it should be noted that Levvy et al. (1948) injected 
arachis oil intraperitoneally and the carbon tetra- 
chloride in arachis oil by the subcutaneous route. 
The rise in liver B-glucuronidase activity produced 
by carbon tetrachloride in arachis oil is not so 
marked as in the case of arachis oil alone and in view 
of the fact that the B-glucuronidase/protein N 
ratios behave in the same manner in both groups of 
animals, coupled with the finding that there is a 
protein loss only from the livers of the carbon 
tetrachloride group, it would appear that there is an 
actual loss of £-glucuronidase activity from the 
livers of the carbon tetrachloride animals which is 
masked by the rise caused by arachis oil. This may 
mean that the rises in 8-glucuronidase activity seen 
after menthol administration (Fishman, 1940; 
Levvy et al. 1948) may actually be due to the 
glucuronidogenice action of menthol and not its 
toxic action as suggested by Levvy et al. (1948). 

Some of the reported findings of Levvy et al. 
(1948) on mice do not always substantiate their 
hypothesis of the relation between B-glucuronidase 
activity and cellular proliferation. In some cases, 
e.g. carbon tetrachloride and chloroform, maximum 
B-glucuronidase activity corresponds with maxi- 
mum tissue damage. In the case of menthol, high 
B-glucuronidase activities are found in the liver 
from 1 to 7 days after administration, with maxi- 
mum tissue damage on the first day, cell division as 
recognized histologically being apparent only on the 
third day, and repair not being well advanced until 
7 days after administration. 

From the results presented here and from those 
obtained by other authors, it appears that in some 
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circumstances, e.g. liver damage by toxic agents, 
liver B-glucuronidase activity rises before cellular 
proliferation takes place and in other cases, e.g. 
after partial hepatectomy, the rise in enzymic 
activity is after the rapid phase of cellular prolifera- 
tion. The great difficulty in the earlier work was the 
exact determination of the time and extent of 
cellular proliferation. The use of a chemical method 
for such a determination, namely the use of the 
DNA content of the tissue, gives us a more accurate 
assessment of this problem, and enables us to be 
more categorical in our claim that, in the case of the 
rat, there is no apparent connexion between the 
B-glucuronidase activity of a tissue and the degree of 
cellular proliferation in that tissue. It would appear 
unlikely that cellular proliferation, a process which 
is probably essentially similar in most species and 
tissues, is to be related to changes in B-glucuronidase 
activity which in some respects differs markedly in 
two fairly similar species of animal. It is more than 
likely that the increased f-glucuronidase activities 
seen merely reflect a change in some metabolic 
activity of the tissue in question. 

The findings of Mills & Smith (1951) that the f- 
glucuronidase activity of chemically induced rat 
hepatoma is less than the activity of normal liver is 
in line with the findings recorded here, and in this 
case we have a rapidly proliferating tissue actually 
showing a lower B-glucuronidase activity than the 
original tissue. 

An interesting finding which has arisen from the 
present work is that there are differences in the B- 
glucuronidase activities of different strains of rats. 
Two strains of albino rats examined had signi- 
ficantly different liver f-glucuronidase activities, 
the activities for each strain showing a reasonable 
degree of constancy. This situation has been shown 
to exist in the case of mice where Morrow, Greenspan 
& Carroll (1949, 1950) have shown C,H mice to have 
a much lower f-glucuronidase activity than a 
number of other strains. It is interesting to recall 
that C,H mice show a high percentage of spon- 
taneous hepatoma (cf. Andervont & McEleney, 
1941; Edwards & Dalton, 1942). 

It is considered that experiments such as those 
recorded here and by Levvy et al. (1948) and Kerr 
et al. (1949, 1950) are not of the type which will give 
a direct answer to the question of the function of 
B-glucuronidase in the animal body. The experi- 
mental procedures bring about very profound 
changes in the organism and it is difficult to connect 
actual cause and effect. Much more information is 
needed concerning the actual reactions catalysed 
by f-glucuronidase in the animal body and the 
effects of various materials and procedures on these 
individual reactions both én vitro and in vivo, before 
any accurate picture of the physiological function 
of B-glucuronidase can be constructed. 
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SUMMARY 


1. It has been shown that in rats the liver f- 
glucuronidase activity is low at birth, rises to a 
maximum at around 25-30 days and then falls 
slightly to the adult level around 80-90 days after 
birth. The use of DNA as an index of cell number in 
the tissue, along with the allometric method of 
analysis, indicates that the 8-glucuronidase content 
of the liver cell increases‘up to 18 days after birth 
and thereafter remains constant. 

2. A rise in £-glucuronidase activity in rat liver 
to 60-70 % above normal occurs 4 days after partial 
hepatectomy and the high level of activity persists 
for at least the next 6 days. An estimation of the 
growth rate of liver cells, using the DNA content, 
indicates that the period of maximum cellular pro- 
liferation is around 3 days after operation. 

3. Sham operation causes a slight fall in rat-liver 
B-glucuronidase activity which returns to normal 
within 4 days. Adrenalectomy causes no alteration 
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in rat-liver £-glucuronidase activity during the 
first 4 days after operation. 

4, Arachis oil injection causes a profound in- 
crease in rat-liver 8-glucuronidase activity, and it is 
concluded that the smaller rise seen after injection 
of carbon tetrachloride in arachis oil is to be inter- 
preted as an actual loss of 8-glucuronidase from the 
liver. 

5. Fatty infiltration of the liver caused by a high- 
fat, low-protein diet causes a slight rise in rat-liver 
B-glucuronidase activity. 

6. These findings are discussed in reference to 
previous work on the subject and it is concluded 
that, in the rat, increased 8-glucuronidase activities 
are not to be related to increased cellular pro- 
liferation as suggested by Levvy et al. (1948) for 
mice. 

The expenses of this research were defrayed in part from 
the Rankin Fund of the University of Glasgow and by a 
grant from the Carnegie Trust for the Universities of Scot- 
land, which are acknowledged with grateful thanks. 
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The Effect of Cortisone and Adrenocorticotropic Hormone 
on the Dehydroascorbic Acid of Human Plasma 


By C. P. STEWART, D. B. HORN anv J. S. ROBSON 
Department of Clinical Chemistry, University of Edinburgh 


(Received 30 May 1952) 


It is well known that ascorbic acid in aqueous solu- 
tion is easily and reversibly oxidized to dehydro- 
ascorbic acid, and it is believed that above pH 4 the 
latter can undergo irreversible change, possibly to 
diketogulonic acid, as a preliminary to further 
oxidation. The possibility of the existence of de- 
hydroascorbie acid or diketogulonic acid in blood 
plasma, however, has been generally ignored since 
the time of Borsook, Davenport, Jeffreys & 
Warner (1937) who, with van Eekelen (1935), 
Kellie & Zilva (1936), Farmer & Abt (1936) and 
Ralli & Sherry (1941), claimed that vitamin C 
exists in plasma in the reduced state as ascorbic acid. 
The brief statement that dehydroascorbic acid 
exists in human blood has recently been made by 
Chen & Schuck (1950) but no supporting evidence 
was given. Apart from its academic interest, the 
relation between dehydroascorbic acid and experi- 
mental diabetes (Patterson, 1950) and the close 
association of ascorbic acid with the adrenal cortex 
and stress (Selye, 1946) suggest that the form in 
which vitamin C exists in blood is worthy of in- 
vestigation. The experiments described in this paper 
establish the facts that a significant part of the total 
vitamin C present in normal human plasma exists 
as dehydroascorbic acid, that diketogulonic acid 
does not exist in plasma in significant quantities, 
and that the ratio between dehydroascorbic acid 
and ascorbic acid can be consistently influenced by 
adrenocortical steroids. 


EXPERIMENTAL AND RESULTS 


The existence of dehydroascorbic acid in human plasma 


Chemical methods. Plasma from normal human subjects 
was submitted to the technique of Roe & Keuther (1943) and 
to a procedure employing 2:6-dichlorophenolindophenol. 
The former involves preliminary oxidation of ascorbic acid 
with activated charcoal and the colorimetric estimation of 
the reaction product with 2:4-dinitrophenylhydrazine 
under defined conditions. It is claimed to estimate the 


dehydroascorbic acid produced by oxidation of ascorbic acid 
plus any preformed dehydroascorbic acid and diketogulonic 
acid (i.e. ‘total ascorbic acid’). The procedure involving 2:6- 
dichlorophenolindophenol was applied to a sample of the 
same plasma in order to estimate ascorbic acid itself. For this 
purpose 3-0 ml. of 3% (w/v) metaphosphoric acid were 


added to 2-0 ml. of plasma, and the precipitated proteins 
separated by centrifugation and filtration. A known excess 
of standard solution of the indophenol was added to a 
sample of the filtrate, and the residual colour was measured 
in a spectrophotometer (Unicam SP 500) at a wavelength of 
480 mu., 30sec. from the time of addition of the indophenol. 
The method is similar in principle to that of Mindlin & 
Butler (1937-8), except that it was found possible to dis- 
pense with the buffer, and greater accuracy was obtained by 
constructing a standard curve instead of using a single 
standard solution. 

The validity of the procedure was first tested by 
measuring the rate of fading of the indophenol solution 
under varying conditions, and the results areshown in Fig. 1. 
The indophenol was decolorized rather slowly in the 
presence of aqueous metaphosphoric acid (curve A) and more 
rapidly in the presence of trichloroacetic acid (curve B) at 
the same pH. Ascorbic acid added to the metaphosphoric 
acid solution (curve C) completely stabilized the indophenol 
colour after the initial reduction due to oxidation of the 
ascorbic acid. Unfortunately, it was impossible to obtain 
readings earlier than 20 sec. after the addition of the indo- 
phenol, but the reduction of the dye by ascorbic acid is 
certainly completed within 30 sec. When the indophenol 
was added to a metaphosphoric acid solution containing a 
trace of H,S (as an example of a substance oxidized slowly by 
the indophenol) fading continued to occur after 30 sec. and 
for as long as determinations were made (curve D). A similar 
slow reduction of the dye occurred in the presence of meta- 
phosphoric acid and Na,S,0, (curve Z) in a concentration 
comparable with that in plasma; the curve, however, can be 
superimposed on that for metaphosphoric acid alone, and 
it can be concluded that thiosulphate had no appreciable 
effect. It is of interest to note also that stabilization of the 
indophenol colour did not occur when ascorbic acid was 
added to trichloroacetic acid (curve F’). Similar results were 
obtained when the indophenol was added to metaphosphoric 
acid filtrates of plasma. With normal plasma the reaction 
with the dye was complete in 30 sec. (curve @) and this also 
occurred when the plasma was treated with H,S which was 
subsequently removed by N, (curve H). This curve shows 
that the H,S, used in this way, does not interfere with the 
determination of ascorbic acid, although if the removal of 
H,S is incomplete (curve J) stabilization of colour is delayed 
and estimation of ascorbic acid is impossible. The general 
conclusion is that with spectrophotometer readings taken 
30-60 sec. after addition of the dye, with metaphosphoric 
acid but not trichloroacetic acid as the protein precipitant 
and with no residual H,S, the readings represent ascorbic 
acid concentrations, and that the presence of interfering 
substances is indicated by a steady change of spectro- 
photometer readings during the chosen period. 
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To test the reproducibility of results, twenty determina- 
tions were made on a solution of pure ascorbic acid; the 
mean result was 1-81+0-025 mg./100 ml., the range being 
1-77-1-83; similarly, a sample of plasma with added ascorbic 
acid gave twenty results between 2-09 and 2-13 mg./100 ml., 
with a mean of 2-11 and s.p. of 0-019. At a lower ascorbic 
acid concentration the figures for twenty replicate deter- 
minations were: mean, 0-43 mg./100 ml.; s.p., 0-023; range, 
0-40-0-48. 
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became 0-82 + 0-06 (Table 3, column 6), the absolute 
differences remaining about the same. 

There are several possible explanations of this 
phenomenon other than the obvious one that the 
difference represents dehydroascorbic acid and/or 
diketogulonic acid existing in the circulating plasma. 
Oxidation of ascorbic acid to dehydroascorbic acid 
and subsequent change to diketogulonic acid may 
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Fig. 1. 


The effect of time on the transmission at 480 my. of 1-0 ml. of the indophenol solution (4 mg./100 ml.) in the 
presence of 2-0 ml. of various reagents. A, metaphosphoric acid 3% (w/v); B, trichloroacetic acid 5% (w/v); C, 


HPO, 3% (w/v) plus ascorbic acid, 1 mg./100 ml.; D, HPO, 3% (w/v)+H,S; £, HPO; 3% (w/v) +Na,S,03;, 
8 mg./100 ml.; F, trichloroacetic acid 5% (w/v) +ascorbic acid, 1 mg./100 ml.; G, 2 ml. plasma +3 ml. HPO;, 3% 
(w/v); H, as G, after treatment with H,S and removal of excess H,S by N,; J,as H, but with H,S incompletely removed. 


The results of recovery experiments when pure ascorbic 
acid was added to plasma are shown in Table 1. Recoveries 
were always within 0-05 mg. ascorbic acid/100 ml. 


Table 1. Recovery of ascorbic acid added to human 
plasma using the indophenol method 


Ascorbic acid (mg./100 ml. plasma) 





f 7 
Added Found Calculated Difference 
aan 0-15 ie = 

0-25 0-37 0-4 ~ 0-03 
0-5 0-64 0-65 —0-01 
1-0 1:17 1-15 +0-02 
1-5 1-70 1-65 +0-05 
2-0 2-20 2-15 +0-05 


Invariably the results obtained by the method of 
Roe & Keuther (1943) were higher than those by the 
method using the indophenol, although both 
methods were standardized against the same original 
solution of pure ascorbic acid. A similar difference 
was found in the plasma from subjects who had been 
given a diet rich in vitamin C for a few weeks. These 
results are shown in columns 4 and 5 of Tables 2 
and 3. In the normal fasting subjects on an ordinary 
diet, the mean ratio of plasma ascorbic acid 
determined by the indophenol method to the ‘total 
ascorbic acid’ determined by the method of Roe & 
Keuther (1943) was 0-68 + 0-15 (Table 2, column 6). 
After a period of diet rich in vitamin C, the ratio 


occur spontaneously after withdrawal of blood or 
during the manipulation involved in the indophenol 
method prior to the estimation. Alternatively, 
interfering substances may be reacting with 2:4- 
dinitrophenylhydrazine in the method of Roe & 
Keuther (1943), giving a falsely high figure for the 
concentration of total ascorbic acid. Indeed, both 
possibilities may be involved. 

In regard to the first of these suggestions, the 
stability of ascorbic acid was investigated in blood, 
plasma and plasma filtrate. For this purpose, 
venous blood was withdrawn into an oiled syringe; 
part of the sample was allowed to stand at room 
temperature with occasional mixing, the remainder 
being used for the immediate determination of 
plasma total ascorbic acid and of ascorbic acid by 
the method of Roe & Keuther (1943), and by the 
indophenol method respectively. After about 60 
and 120 min., further determinations were made by 
both methods. Similar experiments were carried 
out on plasma separated immediately after the 
withdrawal of blood. A third series was done on 
plasma filtrate prepared as quickly as possible after 
the withdrawal of the blood. The earliest determina- 
tion possible in any of these experiments was about 
30 min. after withdrawal. Typical results of these 
experiments are shown in Fig. 2, where it is seen 
that from the time of the first determination there is 
a very slow fall in the apparent ascorbic acid con- 
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Table 2. 


C. P. STEWART, D. B. HORN AND J. 8S. ROBSON 


Concentration of vitamin C in the plasma of normal fasting subjects taking an ordinary diet 


Indophenol Method of 
method. Roe & Keuther. ‘ , 
Ascorbic ‘Total ascorbic Ratio: mo Ratio: 

Subject Age acid acid’ Indophenol method H,S-indophenol method 
no. Sex (yr.) (mg./100 ml.) (mg./100 ml.) Roe & Keuther method Roe & Keuther method 
(1) (2) (3) (4) (5) (6) (7) 

] M. 28 0-50 0-75 0-67 — 
2 M. 24 0-40 0-60 0-67 ; —_— 
3 M. 30 0-78 0-85 0-91 1-05 
+ F. 21 0-30 ° 0-55 0-55 1-04 
5 M. 23 0-14 0-40 0-35 0-98 
6 F, 28 0-35 0-50 0-70 1-04 
7 F, 35 1-32 1-56 0-84 1-00 
8 F. 21 0-32 0-50 0-64 1-00 
9 F. 21 1-0 1-30 0-77 1-00 
10 F, 23 0-50 0-70 0-71 — 
Mean — — — — 0-68 1-01 
S.D. — — — ae +0°15 +0-03 


Table 3. 


Indophenol 
method. 


Concentration of vitamin C in the plasma of normal fasting subjects taking a diet rich in vitamin C 


Method of 
Roe & Keuther. 


Ratio: 


Ascorbic ‘Total ascorbic Ratio: f 

Subject Age acid acid’ Indophenol method H,S-indophenol method 

no. Sex (yr.) (mg./100 ml.) (mg./100 ml.) Roe & Keuther method Roe & Keuther method 
(1) (2) (3) (4) (5) (6) (7) 
1 F. 28 0-84 1-05 0-76 1-00 
2 M. 23 0-44 0-60 0-73 0-96 
3 M 30 1-07 1-25 0-86 1-00 
4 F. 25 0-94 1-10 0-85 1-06 
5 F. 20 1-56 1-90 0-81 1-05 
6 F. 21 0-94 1-10 0-85 1-00 
7 M. 24 1-97 2-22 0-88 0-99 
Mean — — — = . 0-82 1-01 
S.D. a a _ — +0-06 +0-03 


centration in blood, blood plasma, and plasma 
filtrate under these conditions. The rate of loss of 
ascorbic acid is slightly greater when the plasma is 
left in contact with red cells, than when it has been 
separated. The total ascorbic acid does not alter 
during the period of these experiments or, indeed, 
for several hours afterwards. 

If the decay curve before the time of the first 
determination is afterwards, 
extrapolation to zero time should provide an 
estimate of ascorbic acid at that time. It is evident 
from Fig. 2 that the plasma concentrations of 
ascorbic acid at zero time obtained by such extra- 
polation are very little different from the concen- 
trations 30 min. later and are still lower than those 
of total ascorbic acid by the method of Roe & 
Keuther (1943). The validity of the assumption that 
the rate of loss of ascorbic acid between the with- 
drawal time (t{=0) and the earliest determination 
(t= 30 min.) follows the same simple decay curve as 
it does subsequently is established by the recovery 
of ascorbic acid and dehydroascorbic acid added to 
blood plasma or plasma filtrate. Table 1 shows that 
such recoveries are complete. It is concluded from 


is the same as it 


these experiments that the differences between the 
plasma concentrations of total ascorbic acid as 
determined by the method of Roe & Keuther (1943) 
and those determined by the indophenol method are 
not due to the oxidation of ascorbic acid following 
the withdrawal of blood and during the indophenol 
procedure. 

In regard to the second possibility, Roe & 
Keuther (1943) have satisfactorily excluded many 
potential interfering substances, either because the 
colour with 2:4-dinitrophenylhydrazine does not 
develop under the strongly acid conditions of the 
estimation, or because they (e.g. glucose) are not 
present in plasma in sufficient concentrations to 
interfere significantly with the results. 

The nature of the substance or substances 
responsible for the difference obtained by the two 
methods was investigated by means of hydrogen 
sulphide. 


Pure H,S, prepared from Sb,S,, was passed for 10 min. 
through samples of filtrate prepared with metaphosphoric 
acid from plasma in which. determinations by the two 
methods had already been carried out (i.e. subjects shown in 
Tables 2 and 3). Excess of H,S was then removed by blowing 
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pure N, saturated with water vapour through the solution 
for 2-3 hr., by which time the nitroprusside and lead acetate 
reactions were negative. 

The indophenol method was again applied (the 
stability of the colour showing absence of inter- 
ference by hydrogen sulphide), and the ratios of 
these determinations to the original determinations 
by the method of Roe & Keuther (1943) are given in 
column 7 of Tables 2 and 3. In every case, the indo- 
phenol-reducing substance has increased to the 
value given by the Roe & Keuther (1943) method for 
total ascorbic acid, so that the mean ratio rises from 
0-68 or 0-82 to 1-0 + 0-03 irrespective of the original 
value. Control experiments showed that wherf a 
trichloroacetic acid filtrate of plasma, as used for the 
Roe & Keuther (1943) method, was treated with 
hydrogen sulphide and nitrogen prior to oxidation 
with chareoal, the result did not differ from that 
obtained by the usual procedure. 
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Fig. 2. The effect of time on the apparent ascorbic acid 
content of plasma. @©—@, plasma separated im- 
mediately after blood withdrawal, samples used for 
ascorbic acid determination by the indophenol method. 
(Plasma separated and immediately treated with meta- 
phosphoric acid gave results indistinguishable from 
these.) A—A, plasma allowed to stand in contact 
with red cells until required (indophenol method). 
x—x, plasma separated immediately after blood 
withdrawal; ‘total ascorbic acid’ determined by Roe & 
Keuther method. 


Thus the substance in plasma filtrate, which is 
responsible for the difference between the ascorbic 
acid content measured by the indophenol method 
and the ‘total ascorbic acid’ measured by the 2:4- 
dinitrophenylhydrazine method of Roe & Keuther 
(1943), (a) reacts with dinitrophenylhydrazine but 
not with the indophenol, (b) is reducible by hydrogen 
sulphide to a substance which reacts with the indo- 
phenol as rapidly as does ascorbic acid, and (c) when 
calculated as ascorbic acid, accounts precisely for 
the observed difference. Taking into account the 
specificities of the two reactions used in the analyses, 
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it is difficult to imagine such behaviour being due 
to anything except dehydroascorbie acid. Diketo- 
gulonie acid also reacts with dinitrophenylhydra- 
zine under the conditions of Roe & Keuther (1943), 
but may be ruled out since it is not reduced by 
hydrogen sulphide in acid solution. It may be con- 
cluded, with a high degree of probability, that the 
observed differences are due to the presence of 
dehydroascorbie acid in the filtrates prepared from 
plasma by addition of metaphosphorie acid. The 
extension of this conclusion to native plasma rests 
partly on the time relationships discussed earlier 
and partly on the well established fact that in 
weakly acid solution at room temperature equi- 
librium between dehydroascorbie acid and diketo- 
guloniec acid (with the latter forming about 80% of 
the equilibrium mixture) is reached only in about 
70 hr. Hence if diketogulonic acid were originally 
present in the plasma it should still be detectable in 
the acidified plasma filtrate 30 min. later (Herbert, 
Hirst, Percival, Reynolds & Smith, 1933). The 
distinction may be of some importance, since at the 
slightly alkaline reaction of plasma some conversion 
of dehydroascorbic acid to diketogulonic acid might 
be expected. The results of the experiments just 
described suggest, however, that plasma itself 
contains dehydroascorbic acid but no appreciable 
amount of diketogulonic acid. 


Changes in the plasma concentration of ascorbic acid 
and dehydroascorbic acid following intramuscular 


administration of adrenocorticotropic hormone 


(ACTH) 


The known relationship of vitamin C to the 
adrenal cortex suggested that an investigation of the 
ratio of dehydroascorbic acid to total ascorbic acid in 
plasma following administration of ACTH and 
compound E would be of interest. Further, a con- 
sistent alteration in the ratio brought about by 
these means would strengthen the conclusion that 
dehydroascorbic acid exists in plasma. 


ACTH (‘ Acthar’, Armour Laboratories, Armour and Co., 
Chicago) was given by intramuscular injection in doses of 
100 mg. to four normal fasting and resting subjects. Prior 
to the injection one or two blood samples were withdrawn. 
Following the injection, samples of blood were withdrawn 
at hourly intervals for 4-7 hr., and during this period the 
subjects were allowed to drink weak tea or coffee which was 
shown to have no effect upon the concentration of ascorbic 
acid or dehydroascorbic acid. The same subjects were used 
as controls about 1 week later, at which time samples were 
taken at hourly intervals for 4-6 hr. for analysis without 
hormone administration but otherwise under the same con- 
ditions. The activity of the ACTH used was confirmed in all 
cases by eosinopenic responses of at least 50 % within 2-5 hr. 
after the injection. In addition, H,S was passed through 
a sample of the metaphosphoric acid filtrate for 10 min., 
after which excess H,S was removed by N, and a further 
estimation of the indophenol-reducing power was made. 








C. P. STEWART, D. B. HORN AND J. S. ROBSON 





1953 


Table 4. Changes in the concentration of plasma ascorbic acid and dehydroascorbic acid 


following 100 mg. ACTH given by intramuscular injection 


Plasma ascorbic acid 


Plasma dehydroascorbic acid 


Plasma ‘total ascorbic acid’ 


A 





a eee a 
Subject no. (A mg./100 ml.) (A%) (A mg./100 ml.) (A%) (A mg./100 ml.) (A%) 
1 B.S. + 0-42 +42 —0-17 — 56 +0-25 +19 
2 J.R. +0-25 +37 -—0-13 — 65 +0-15 +13 
3 M.K. +0-25 +76 —0-18 — 100 +0-05 +10 
4 E.B. +0-23 +13 o* 0 * 40-25 +14 
Mean = +42 — —74 — +14 


* No fasting dehydroascorbic acid present. 


Table 5. The effect of treatment with hydrogen sulphide on the ratio of ascorbic acid (indophenol method) 
to ‘total ascorbic acid’ (Roe & Keuther method) after administration of ACTH 


Ratio: 


Treatment of Indophenol method 


Ratio: 
H,S-indophenol method 


Ratio: Ratio: 
Indophenol method H,S-indophenol method 





subject 

Fasting 0-76 1-0 0-65 1-0 
ACTH | hr. previously 0-86 0-98 1-0 1-0 
ACTH 2 hr. previously 0-86 1-01 1-01 1-01 
ACTH 3 hr. previously 0-87 0-95 0-95 0-96 
ACTH 4 hr. previously 0-92 0-96 0-85 0-97 
ACTH 5 hr. previously 0-98 0-99 = — 

Mean — 0-98 - 0-99 


The results are summarized in Table 4 and one 
case is shown graphically in Fig. 3. Following the 
administration of ACTH, arise in total ascorbic acid 
occurred in all four subjects as determined by the 
method of Roe & Keuther (1943). The rise started 
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Fig. 3. The ascorbic acid (black columns) and dehydro- 
ascorbic acid (white columns) of human plasma, A, after 
intramuscular injection of 100 mg. ACTH (time measured 
from the time of ACTH injection), and B, in successive 
hours without ACTH administration. 


within | hr. of the injection and reached a maximum 
in 2-4 hr., corresponding approximately in time to 
the maximum eosinopenia. The mean percentage 
change in total ascorbic acid concentration (ascorbic 
acid +dehydroascorbic acid) was +14, absolute 


elevations varying from 0-05 to 0-25 mg./100 ml. 
plasma. Ascorbic acid itself, as determined by 
indophenol reduction, also showed increases of 
from 13 to 76% of the fasting level, and these in- 
creases were maximal at the time corresponding to 
the peak of total ascorbic acid concentration. The 
absolute increments in ascorbic acid concentration 
varied from 0-25 to 0-41 mg./100 ml. plasma. The 
larger increments in ascorbic acid as compared with 
total ascorbic acid (ascorbic acid + dehydroascorbic 
acid) resulted in a diminution in the absolute con- 
centration of dehydroascorbic acid amounting to 
0-13—0-18 mg./100 ml. in three subjects (56-100 %). 
In the fourth subject no fasting dehydroascorbic 
acid existed prior to the injection and none appeared 
following it. The control experiments in which no 
ACTH was given showed only very slight irregular 
alterations in the plasma concentration of total and 
reduced ascorbic acid. The results obtained follow- 
ing the passage of hydrogen sulphide through the 
metaphosphorie acid plasma filtrate are shown in 
Table 5, which gives the ratios of ascorbic acid to 
total vitamin C before and after injection of ACTH 
for subjects B.S. and M. K. The disappearance of 
dehydroascorbic acid in these subjects is shown by 
the rise in the ratio from 0-76 to 0-98 and from 0-65 
to 1-0 respectively; the reappearance of dehydro- 
ascorbic acid in M. K. is evidenced by the gradual 
fall of the ratio to 0-85, 4 hr. after the injection. 
Hydrogen sulphide had the effect of making the 
ratio very nearly 1-0 whatever its value in the 
original plasma. It is important to note that when 
the original ratio is 1-0, hydrogen sulphide does not 
increase it. 
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Changes in the plasma concentration of ascorbic acid 
and dehydroascorbic acid following oral administra- 
tion of cortisone acetate 


The changes in plasma ascorbic acid and dehydro- 
ascorbic acid following administration of ACTH are 
not easily interpreted. ACTH is known to diminish 
the concentration of ascorbic acid in the adrenal 
gland (e.g. Sayers, Sayers, Liang & Long, 1946). 
This might explain the increase in the plasma total 
ascorbic acid, but does not by itself account for the 
decrease in dehydroascorbic acid. In addition, 
however, the increased secretion of adrenocortical 
hormones, acting peripherally, might produce 
effects upon vitamin C metabolism capable of 
accounting for the latter phenomenon. In order to 
dissociate such central from peripheral effects, the 
changes in blood concentration following the oral 
administration of 350 mg. of cortisone acetate were 
investigated in five normal subjects, one of whom 
(J.R.) had already been examined following ACTH 
administration. 

As before, the subjects were fasting and at rest, though 
weak tea or coffee was allowed. One or two samples of blood 
were withdrawn prior to giving the cortisone, after which 
samples were taken into oiled syringes at 30 min., 1 hr., and 
then at hourly intervals for 4-6 hr. The chemical determina- 
tions were made as before, and eosinophils were counted. 


The results are shown graphically for two subjects 
in Fig. 4 and in Table 6 they are summarized for the 
five subjects in terms of the maximum changes 
occurring in the plasma concentration of ascorbic 
and dehydroascorbic acids. These occurred between 
0-5 and 2 hr. after administration of cortisone and 
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corresponded in time to the maximal eosinopenia 
(i.e. 50%). The mean increase in plasma ascorbic 
acid was 38 %, corresponding to an absolute rise in 
concentration ranging from 0-1 to 0-34 mg./100 ml. 
of plasma. There was no rise in the concentration of 
total vitamin C in any of the subjects and the 
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Fig. 4. The effect on the ascorbic acid (black columns) and 
dehydroascorbic acid (white columns) of human plasma of 
oral administration of 350 mg. of cortisone acetate given 
immediately after withdrawal of the control blood sample. 
Two cases. 


maximum rise in concentration of ascorbic acid 
exactly equalled the original concentration of de- 
hydroascorbic acid, so that all the dehydroascorbic 
acid in the plasma temporarily disappeared. The 
ratio of ascorbic acid to total vitamin C for subjects 
J.R. and M.MclI. at various times following ad- 
ministration of the cortisone is given in Table 7, 


Table 6. Changes in concentration of plasma ascorbic acid and dehydroascorbic acid 
following 350 mg. cortisone given orally 





Plasma Plasma Plasma 
ascorbic acid dehydroascorbic acid ‘total ascorbic acid’ 
c ——A. H. c A 

Subject no. (A mg./100 ml.) (A%) (A mg./100 ml.) (A%) (Amg./100 ml.) (A%) 
lL: +0-34 +44-0 — a= -- 
2 J.R. + 0-20 + 36-0 -—0-19 - 95 +0 0 
3 M.Mcl. +0-10 + 22-0 -—0-10 — 100 +O 0 
4 H.A. +0°17 +33-0 -—0-17 -— 100 +0 0 
5 R.C +0-10 + 55-0 —0-10 - 100 +0 0 
Mean _ + 38-0 _— - 99 — 0 


Table 7. The effect of treatment with hydrogen sulphide on the ratio of ascorbic acid (indophenol method) to 
‘total ascorbic acid’ (Roe & Keuther method) after administration of 350 mg. cortisone given orally 


Subject J.R., 30 yr., M. 
A 


Subject M. Mcl., 45 yr., F. 


~ 





H,S-Indophenol method 


Ratio: Ratio: 
Treatment of Indophenol method 
subject 

Fasting 0-74 1-00 
Cortisone, 1 hr. previously 1-00 0-99 
Cortisone, 2 hr. previously 0-83 1-0 
Cortisone, 3 hr. previously 0-87 1-01 
Cortisone, 4 hr. previously 0-74 0-98 

Mean — 1-0 


Ratio: 


Ratio: 


Indophenol method H,S-Indophenol method 
Roe & Keuther method Roe & Keuther method Roe & Keuther method Roe & Keuther method 


0-82 1-02 
1-00 0-98 
0-95 —_ 
0-94 1-04 
0-92 1-02 
= 1-02 


17-2 
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which also shows the effect of hydrogen sulphide 
upon this ratio. Without hydrogen sulphide treat- 
ment the ratio rises to 1-0 about 1 hr. after admin- 
istration of cortisone (i.e. dehydroascorbie acid has 
disappeared) and subsequently falls as plasma de- 
hydroascorbie acid reappears. Treatment with 
hydrogen sulphide gives a ratio approximately 1-0 
(but never significantly greater), irrespective of the 
original value, so that the changes are legitimately 
interpreted as indicating disappearance of dehydro- 
ascorbic acid. 


DISCUSSION 


The possibility of the existence of significant con- 
centrations of dehydroascorbic acid in blood or 
tissues has received little attention in the past. The 
bare statement that both dehydroascorbic acid and 
diketogulonic acid occur in plasma and urine was 
made by Chen & Schuck (1950). Nyden (1948) 
studied alterations in ascorbic and dehydroascorbic 
acids in rat tissues and plasma following their 
injection with Trypanosoma hippicum. She used the 
method of Roe & Oesterling (1944), devised origin- 
ally for the estimation of dehydroascorbie acid in 
plants, to estimate tissue and plasma dehydro- 
ascorbic acid concentrations. In our hands this 
method proved unsuitable for the determination of 
plasma dehydroascorbic acid, since reduction of 
dehydroascorbie acid occurred in the presence of 
all samples of thiourea (1%, w/v) available to us, 
and oxidation occurred when thiourea was omitted. 
The concentration of thiourea required to maintain 
the naturally occurring ratio between the reduced 
and oxidized forms of the vitamin was unpredict- 
able. The almost complete absence in the literature 
of a simple comparative study of the method of Roe 
& Keuther (1943) and one estimating the vitamin in 
the reduced form (e.g. by indophenol or methy- 
lene blue) is surprising. Lowry, Lopez & Bessey 
(1945) compared the micro-indophenol method of 
Mindlin & Butler (1937-8) with their own micro- 
adaptation of the method of Roe & Keuther (1943), 
using 0-01 ml. of serum but without making any 
direct comparison with the micromethod of Roe 
& Keuther (1943). They found no significant differ- 
ence between the results of the two techniques when 
applied to serum, but it is questionable whether 
their micromodification was sensitive enough to 
detect the small differences reported in this paper. 
In addition, it has been established by Friedman, 
Rumin & Kees (1938), Farmer & Abt (1938) and by 
Cushman & Butler (1938) that, as we also have 
found, potassium cyanide employed in the method 
of Mindlin & Butler (1937-8) invalidates the results; 
this compound was presumably used by Lowry 
et al. (1945). As long ago as 1935, Martini, Bon- 
signine & Pinotte claimed that dehydroascorbic 
acid existed in significant concentration in guinea 
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pig tissues, but the use of trichloroacetic acid in 
tissue extraction may invalidate these results, at 
least partly, since trichloroacetic acid itself appears 
to decolorize indophenol. 

The source of the increment in total plasma 
vitamin C following intramuscular ACTH is un- 
known. Vogt (1948) was unable to detect signifi- 
cantly increased amounts of vitamin C in venous 
blood leaving the adrenal cortex of dogs when the 
gland was directly stimulated. It can be said, 
however, that the amount of ascorbic acid reputed 
to disappear from the adrenal cortex after ACTH 
administration is sufficient, if added to the extra- 
cellular body fluids, to increase the ascorbic acid 
concentration by the amounts observed. 

The temporary diminution or disappearance of 
plasma dehydroascorbiec acid is an effect common 
both to intramuscular ACTH and oral cortisone. 
The fact that total plasma vitamin C concentration 
does not alter significantly following cortisone 
administration indicates that one of the essential 
responses to this adrenocortical hormone is an 
activation of the mechanism for the reduction of 
dehydroascorbie acid. 

Simple in vitro experiments in which cortisone 
and ACTH are incubated with dehydroascorbic acid 
either in solution or in plasma were carried out in the 
course of this work but have not been reported in 
detail in the experimental part. They showed 
clearly that the observed apparent reduction of 
dehydroascorbie acid is not a direct chemical 
effect of the circulating hormone. Borsook e¢ al. 
(1937) have shown that normal human plasma does 
not possess the power of reducing dehydroascorbic 
acid. We have confirmed this and shown further 
that the power of such reduction is not acquired by 
plasma following ACTH or cortisone administration. 
The activation is, therefore, likely to occur within 
the cells either of the blood or of tissues and it is 
possible that the mechanism involves glutathione. 
Experiments to test this possibility are now in 
progress. 


SUMMARY 


1. A comparison of the method of Roe & Keuther 
(1943) with a procedure using 2:6-dichlorophenol- 
indophenol for determination of ‘total ascorbic 
acid’ and ascorbic acid respectively provides results 
which suggest that a significant part of the vitamin 
C in human plasma is present as dehydroascorbic 
acid. 

2. This possibility is further substantiated by 
the fact that the differences obtained in the con- 
centrations of plasma vitamin C by the two methods 
are completely removed by treating plasma filtrate 
with hydrogen sulphide prior to using the indo- 
phenol method, irrespective of the magnitude of the 
difference which existed before such treatment. 
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3. Taking into account the specificities of the 
two methods and the reactions they involve, it is 
difficult to explain such results except as being due 
to the presence of dehydroascorbie acid. These 
procedures do not suggest the presence of diketo- 
gulonic acid in human plasma. 

4. The administration of adrenocorticotropic 
hormone to human subjects resulted in a rise in the 
concentration of plasma total ascorbic acid and of 
plasma ascorbic acid with a diminution in the con- 
centration of plasma dehydroascorbic acid 2—4 hr. 
after intramuscular injection. 

5. The oral administration of cortisone to human 
subjects resulted in no rise in the concentration of 
plasma total ascorbic acid, but in a rise in ascorbic 
acid of such a magnitude that dehydroascorbic acid 
temporarily disappeared from the plasma 0-5-2 hr. 
after administration. 
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6. The significance of these alterations is 
discussed both with respect to the origin of the 
increment of total ascorbie acid appearing in the 
plasma and to the mechanisms involved in the 
reduction of dehydroascorbic acid to ascorbic 
acid. 


We wish to thank the Medical Research Council for a grant 
which helped to defray the cost of materials and technical 
assistance as well as for a supply of hormones. 


Note added in proof. In a few experiments it has now been 
found that, following the administration of cortisone or 
ACTH and coincident with the resulting diminution of the 
plasma dehydroascorbic acid concentration, there is a 
decrease in the reduced glutathione concentration of the 
whole blood. When, later, the original dehydroascorbic acid 
concentration is restored, the reduced glutathione of the 
blood also increases. The sum of the reduced and oxidized 
glutathione remains constant throughout. 
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Long-chain Unsaturated Fatty Acids as Essential Bacterial Growth 
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(Received 9 July 1952) 


Previous work (Pollock, Howard & Boughton, 
1949) on an oleic acid-requiring diphtheroid bac- 
terium (Corynebacterium ‘Q’) showed that a number 
of related unsaturated fatty acids from natural 
sources (elaidic, linoleic, linolenic, petroselinic and 
palmitoleic acids) would support growth as well as 
oleic acid, although all saturated fatty acids tested 
were quite inactive. During the last few years there 
have been a number of reports along similar lines on 
species of Lactobacillus many of which require un- 
saturated fatty acids related to oleic acid for growth 
in the absence of biotin (Williams, Broquist & 
Snell, 1947; Axelrod, Hofmann & Daubert, 1947; 
Durbin & Bernhart, 1950; Cheng, 


Hassinen, 


Greenberg, Deuel & Melnick, 1951), although there 
is some variation in the extent of replaceability of 
oleate by analogues. Thoma & Peterson (1950) have 
shown that unsaturated fatty acids are similarly 
necessary for the growth of Clostridium sporogenes 
without biotin. Long-chain saturated fatty acids 
have occasionally been known to produce some 
stimulation of growth in the presence of unsaturated 
acids, but this is more likely to be simply a protective 
effect against toxic properties of the unsaturated 
acids. In the presence of an adequate source of 
carbon, long-chain saturated fatty acids have not 
so far been found essential for the growth of and 
known strains of micro-organisms. 
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Apart from a few strains of some species of 
Lactobacillus, reported by Kitay & Snell (1950) to 
have an absolute requirement for oleic acid, and 
Corynebacterium ‘Q” itself, all fatty acid-dependent 
bacteria so far examined need unsaturated fatty 
acids only in the absence of biotin. It seems likely 
that biotin plays a part in the biosynthesis of un- 
saturated fatty acids by lactobacilli and clostridia, 
but its exact role has not yet been elucidated. 
Corynebacterium ‘Q’ would therefore seem to be 
a better organism than most others to use for study 
of the specificity of unsaturated fatty acids as 
growth factors. Although biotin is not essential for 
growth of this organism it was included in the 
medium in order to minimize the risk of non- 
specific factors affecting oleic acid-requirements. 

The apparently universal occurrence of un- 
saturated fatty acids in living tissues shows that 
organisms which do not need them for growth must 
synthesize them from simpler compounds. Thus, the 
fact that some cells require them ‘ready-made’ in 
the environment is an expression of a metabolic 
deficiency rather than an indication of the existence 
of some unusual metabolic process. 

It was therefore decided to extend our previous 
study by the investigation of a wide range of possible 
substitutes for oleic acid in the growth of Coryne- 
bacterium *@Q’ in the hope that the pattern of active 
and inactive compounds might, if more complete, 
throw further light both on the pathway by which 
oleic acid or its equivalent could be synthesized in 
non-exacting species and on the subsequent fate 
and function of unsaturated fatty acids in the 
organism. The new compounds tested were nearly all 
synthetic, partly in order to be more certain of their 
purity and partly because, in many cases, they were 
not available from natural sources. The results here 
reported, though of some intrinsic interest as a 
study in biological specificity, have not justified our 
earlier hopes that they might seriously contribute 
to the solution of the problem of biosynthesis of 
unsaturated fatty acids in micro-organisms. 


METHODS 


Bacteriological. About 50000 viable washed cells were 
inoculated into each 50 ml. flask containing 10 ml. of a 
medium consisting of ‘vitamin-free’ casein hydrolysate, 
salts and growth factors; and growth was measured turbidi- 
metrically after 4 days’ aerobic incubation at 35°. 

The general technique of cleaning glassware, medium 
preparation, inoculation, incubation and measurement of 
bacterial growth were exactly as previously described 
(Pollock et al. 1949) with the following minor alterations: 

(1) The ‘B’ group of growth factors, ‘which included 
purines, pyrimidines and folic acid, was omitted from the 
medium since it had little effect beyond a very slight 
stimulation of growth rate during the early period of 
incubation. 


B. W. BOUGHTON AND M. R. POLLOCK 





1953 


(2) Flasks were shaken at a rate of 100/min. on a mech- 
anical agitator instead of being left stationary on the racks. 
This increased the rate of growth and the final yield to some 
extent, and gave more reproducible results, but did not 
alter the general picture appreciably. 

(3) Aluminium caps were used instead of glass-wool plugs. 
The caps were easier to prepare and clean and were just as 
efficient as plugs in preventing contamination, even during 
shaking. Evaporation was slightly less than with plugs. 

Fatty acids. Apart from the cis- and trans-octadec-11- 
enoic (vaccenic) acids supplied by Dr F. M. Strong (Ahmad, 
Bumpus & Strong, 1948) all the synthetic fatty acids were 
provided by Dr R. E. Bowman. The cis- and trans-octadec- 
9-enoic (oleic and elaidic) acids and the cis- and trans- 
heptadec-9-enoic acids were synthesized by Ames & 
Bowman (195la); the cis-undec-9-enoic acid by Ames & 
Bowman (1952); the cis- and _ trans-tetradec-9-enoic 
(myristoleic) acids, cis- and trans-hexadec-9-enoic (palmi- 
toleic) acids, cis- and trans-eicos-9-enoic (gadoleic) acids, 
and cis- and trans-octadec-4-enoic acids by Boughton, 
Bowman & Ames (1952); and the saturated pentadecanoic 
and heptadecanoic acids were synthesized by Dr R. E. 
Bowman. All these samples were of a high degree of purity 
as were also 12-methyloleic and 5:7:13:17-tetramethyloleic 
acids prepared by Ames & Bowman (1951). The samples of 
9-methyloleic acid and 7:11-dimethyloleic acid (Ames & 
Bowman, 1951) contained about 10 and 25% impurity 
respectively. The undec-10-enoic (undecylenic) acid was a 
commercial sample purified by Dr Bowman; the nonanoic 
(pelargonic) and nonane-1:9-dioic (azelaic) acids were also 
commercial samples purified by redistillation and recrystal- 
lization respectively. cis-Octadec-6-enoic (petroselinic) acid 
from natural sources prepared from the methyl ester as 
before (Pollock et al. 1949) was retested with the modified 
incubation technique since, previously, it had supported 
appreciably less growth than oleic acid. The ‘natural’ oleic 
and elaidic acids used as a reference were prepared and 
purified as previously (Pollock et al. 1949). 


RESULTS 


Unsaturated fatty acids. The growth-promoting 
effects, in terms of yield of organism, of those acids 
tested and found to be active, are summarized in 
Fig. 1. Other acids tested and found to be completely 
unable to support growth in concentrations up to 
25 pg./ml. were: cis-undec-9-enoic, cis-undec-10- 
enoic, cis- and trans-gadoleic, cis-myristoleic and 
trans-octadec-4-enoic acids. cis-Octadec-4-enoic 
and trans-myristoleic acids both gave faint traces of 
opacity at concentrations of 5 and 25,yg./ml., in 
both cases equivalent only to about 40,yg. dry 
bacterial wt./ml. This amounted to between one- 
sixth and one-tenth of the growth occurring with 
the same amount of oleic acid, and was more than 
would be expected on the maximum amount of 
impurity thought likely. In the case of cis-octadec- 
4-enoic acid the uninoculated medium developed 
a slight cloudiness on incubation, and it is thus very 
doubtful if appreciable. growth occurred with this 
compound. With trans-myristoleic acid, however, 
no cloudiness appeared in the uninoculated medium 
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and the extent of growth was not altered either by 
reducing or by increasing the size of the inoculum 
tenfold. The effect with trans-myristoleic acid thus 
appears to be genuine though very feeble. 

The activities of the definitely ‘positive’ com- 
pounds were of the same order though the vaccenic, 
palmitoleic and petroselinic acids were appreciably 
less active than oleic and elaidic acids. There was no 
significant difference between the synthetic and 
natural oleic acid. As observed previously, cis- 
palmitoleic acid was inhibitory to growth at concen- 
trations above 15 yg./ml., in marked contrast to its 
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completely without action. It was thought just 
possible that oleic acid might be biosynthesized by 
condensation of two molecules of a saturated fatty 
acid with exactly half the number of C atoms as 
oleic acid. For this reason we tested pelargonic and 
azelaic acids together and separately, but they were 
inactive. 

All compounds which were without effect up to 
40 »g./ml. were tested, as previously, for possible 
toxicity, in the presence of 25 yg./ml. of oleic acid, 
but in no case was any significant inhibition of 
growth observed. 





Conen. of fatty acid (ug./ml.) 


Fig. 1. 
basal medium of casein hydrolysate + growth factors. 
acid (B); (J]—(], ‘natural’ elaidic acid (C); (J —E), 
(LE); ®—é 


trans-vaccenic acid (I); x — x, trans-palmitoleic acid (. 


trans isomer which was not inhibitory at all at 
40 ug./ml. 

Substituted oleic acids. A number of synthetic 
methyl-substituted oleic acids happened to be 
available and were also tested, although not in 
detail. Two monomethyloleic acids, 9- and 12- 
methyloleic acid, both gave approximately the same 
yield of growth as oleic acid itself; but a di- (7:11) 
and a tetra- (5:7:13:17) substituted methyloleic acid 
were quite inactive. 

Saturated fatty acids. Synthetic pentadecanoic 
and heptadecanoic acids, which also happened to be 
available, were tested; but, as with their homo- 
logues having an even number of C atoms, they were 


, cis-heptadec-9-enoic acid (F); @—@, petroselinic acid (@); A—A, 
J); )— X). cis-palmitoleic acid (K). 


Extent of growth of Corynebacterium ‘Q’ on different unsaturated fatty acids. 4 days’ incubation at 35° in a 
Key: O—O, ‘natural’ oleic acid (A); ©—©, synthetic oleic 
synthetic elaidic acid (D); € —€ , trans-heptadec-9-enoic acid 


cis-vaccenic acid (H); A —A, 


DISCUSSION 


With the possible exception of trans-myristoleic 
acid, the difference between fatty acids that can 
support the growth of Corynebacterium *Q’ and 
those that cannot, is fairly clear-cut; since the 
growth-promoting ability in terms of final yield per 
unit weight of fatty acid is not greatly different for 
all active compounds. In fact, the ‘all-or-none’ 
principle applies here fairly well. In addition, the 
following points are worth noting: 

(1) The cis- and trans-heptadec-9-enoic acids 
with seventeen C atoms are as active as oleic acid. 
It had been thought possible that fatty acids with 
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an odd number of C atoms, in view of their extreme 
rarity in natural sources of fat, might be unable to 
replace oleic acid. 

(2) Fatty acids with the trans configuration 
around the double bond are in general as active 
as their cis isomers, although trans-vaccenic is 
appreciably less effective than the cis compound. 
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oleic acids was not large enough to allow any 
general conclusions to be drawn, it is of interest to 
note that while a methyl group substituted on 
C atom 12 did not cause any loss in activity, an OH 
group in the same position (ricinoleic acid) com- 
pletely abolished activity (Pollock et al. 1949). It is 
not, however, surprising to find that the polar OH 
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No. of C atoms in chain 


Fig. 2. 


Unsubstituted mono-unsaturated fatty acids able to act as growth factors for Corynebacterium ‘Q’. Fatty acids 


with symbols shown inside the circle are those found to be mutually replaceable as growth factors for ‘Q’, while those 
outside are inactive. The position of the symbol on the chart is a guide to the chain length and position of the 


double bond. 


Key: The two ‘arms’ of the symbol are proportional in lengths to those of the C chains on either side of 


the double bond (represented by the round spot). The horizontal tag represents the carboxyl group and the cis 
and trans isomers are indicated by the different configurations around the double bond. 


(3) While the hydrocarbon ‘tail’ of oleic acid can 
be shortened by at least two C atoms (palmitoleic 
acid) without affecting its growth-promoting pro- 
perties, addition of two C atoms (gadoleie acid) 
completely abolishes activity. 

(4) The double bond can be shifted away from the 
9:10 position of oleic acid at least to the 11:12 
position (vaccenic acid) and to 6:7 (petroselinic 
acid), but not as far away as 4:5 (octadec-4-enoic 
acid) without loss of activity. 

(5) Although the series of methyl-substituted 


group has altered the properties of a compound 
much more drastically than a CH, group. 

These findings have confirmed and extended 
those made originally with this organism, and are 
in general agreement with those reported by the 
American workers for certain species of two very 
different genera of bacteria, Clostridium and 
Lactobacillus, when grown in the absence of biotin. 
In a most interesting and extensive investigation on 
lactobacilli, Cheng et al: (1951) studied a range of 
C,, unsaturated fatty acids which were able to 
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replace oleic acid for L. arabinosus and their results 
were very similar to ours though they did not find 
quite so definite an ‘all-or-none’ effect. They re- 
ported that all the cis-octadecenoic acids tested 
(with the double bond ranging from the 6 to the 12 
position) were more or less equivalent; but, while 
elaidic was equivalent to oleic acid, other trans 
isomers yielded less growth than oleic acid, the 
divergence being the more marked the further the 
double bond was separated from the 9:10 position of 
elaidic acid. 

A summary of all our findings with mono-un- 
saturated fatty acids and ‘Q’ is shown in Fig. 2. 

It was hoped that the pattern of active and in- 
active compounds would provide a more obvious 
clue to the interpretation of its basis than is shown 
by this scheme. It is, unfortunately, not possible to 
conclude more than that the greater the difference in 
chain length, or in position of the double bond from 
that of oleic acid, the less likely is the compound in 
question to be capable of supporting growth of this 
species of bacterium. It must also always be borne 
in mind that a ‘negative’ compound might possibly 
owe its inactivity to the inability to penetrate into 
the cell, and thus its lack of effect could be due to 
quite different properties from those of substances 
that cannot actualiy be metabolized. It is con- 
ceivable that such factors contribute to the ap- 
parently arbitrary selection shown in Fig. 2. The 
divisions between the groups of active and inactive 
fatty acids do not correspond to any obviously 
sudden change in physical or chemical properties. 
Yet the specificity is far from being absolute; and if 
cis-palmitoleic acid is able to replace oleic acid, why 
should cis-myristoleic acid fail? It is possible that 
further light would be thrown on the problem by a 
more detailed study of the ‘borderline’ compounds 
such as myristoleic acid, and of a systematic series 
of substituted oleic acids. More valuable still, 
however, would be information on the fate and 
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function of those fatty acids that are active in 
supporting growth. Preliminary work by one of us 
(Boughton, 1952) using [!4C] oleic acid has indicated 
that the acid is taken up by the cell during growth 
and incorporated in the lipid material of the cell, as 
might be expected. Unfortunately, work with iso- 
topically labelled oleate could not be continued, 
although clearly this type of approach is at the 
moment likely to yield more information than most 
others on the fate and function of unsaturated fatty 
acids in micro-organisms. 


SUMMARY 


1. Anumber of synthetic long-chain unsaturated 
fatty acids have been tested for their ability to 
replace oleic acid for the growth of Corynebacterium 
“Q". 

2. cis- and trans-Palmitoleic, cis- and trans- 
heptadec-9-enoic, and cis- and trans-vaccenic acids 
were all approximately equivalent in growth- 
promoting ability to oleic acid; trans-myristoleic 
acid gave very slight growth in the higher concen- 
trations; while cis- and trans-gadoleic, cis-myristo- 
leic, and cis- and trans-octadec-4-enoic acids were 
inactive. 

3. These results show that unsaturated fatty 
acids with chain lengths two carbon atoms longer, 
or four carbon atoms shorter than oleic acid or with 
the double bond one or two atoms nearer the 
carboxyl than the 6:7 position are incapable of 
replacing oleic acid for the growth of this organism. 
Within these limits oleic acid can be replaced by 
several fatty acids with either the cis or the trans 
configuration. 

Weare grateful to Dr R. E. Bowman for providing us with 
most of the synthetic fatty acids tested here; and to Dr 
F. M. Strong for gifts of synthetic cis- and trans-vaccenic 
acids. One of us (B.W.B.) wishes to acknowledge the 
receipt of a grant from the Medical Research Council. 
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The metabolism of chloronitrobenzenes does not 
appear to have been studied. The fate of 2:3:5:6- 
tetrachloronitrobenzene (TCNB) in the animal body 
is of interest on account of its use in agriculture as an 
inhibitor of rotting and sprouting of potatoes. The 
toxicology of this compound has been studied by 
Buttle & Dyer (1950), and in this paper we report 
upon its metabolism in the rabbit, together with 
that of one of its isomers, 2:3:4:5-tetrachloronitro- 
benzene. Changes which tetrachloronitrobenzenes 
might be expected to undergo in the rabbit are 
(a) reduction of the nitro group and acetylation of 
the resultant tetrachloroaniline, (b) hydroxylation 
and conjugation of the nitro-, amino- or acetamido- 
phenol with glucuronic or sulphuric acids, or (c) 
formation of a mercapturic acid. The absorption of 
the two tetrachloronitrobenzenes and their effect 
upon the excretion by rabbits of ethereal sulphate, 
glucuronic acid, mercapturic acid and phenols have 
been studied. Some of the major metabolites have 
been isolated. Since it was found that these com- 
pounds were reduced in the intestine the reduction 
of some other nitro compounds in this way has been 


examined. 


EXPERIMENTS AND RESULTS 


Materials. 2:3:5:6- and 2:3:4:5-Tetrachloronitrobenzenes 
(m.p. 99° and 65° respectively) were supplied by Bayer 
Agriculture Ltd. The corresponding tetrachloroanilines 
were prepared from the nitro compounds by treatment with 
Sn and HCl in ethanol at 100° for 2 and 6 hr. respectively. 
2:3:5:6-Tetrachloroaniline (m.p. 107—108°, as recorded by 
Peters, Rowe & Stead, 1943) on diazotization and coupling 
with N-(1-naphthyl)-ethylenediamine dihydrochloride gives 
a rather feeble orange colour fading to brown. 2:3:4:5- 
Tetrachloroaniline, colourless needles m.p. 118-120°, gives 
a red colour on diazotization and coupling. (Found: Cl, 
61-4. Cale. for C,H,NCI, : Cl, 61-5 %.) 

Diet and dosage. The rabbits used were does weighing 
2-3 kg. and were maintained throughout on the standard 
diet of rabbit pellets and water described previously (Bray, 
Ryman & Thorpe, 1947). Both compounds were admin- 
istered by stomach tube as suspensions in water. No toxic 
effects were observed after giving repeated doses (3 g.) 
of 2:3:5:6-tetrachloronitrobenzene, but 2:3:4:5-tetrachloro- 
nitrobenzene in doses of 0-7 g. caused slight anorexia, some- 


times persisting for 2 days. 2:3:5:6-Tetrachloroaniline was 
given in doses of 1 g. without toxic effects. 

Estimation of ethereal sulphate. The method of Folin 
(1905-6) was used. 

Estimation of glucuronic acid. A modification of the 
naphthoresorcinol method of Hanson, Mills & Williams 
(1944) was used (Bray, Humphris, Thorpe, White & Wood, 
19524). 

Estimation of aromatic amino compounds. These were 
determined by the Bratton & Marshall (1939) method, using 
the appropriate metabolites as standards, and a Spekker 
photoelectric absorptiometer with a Chance glass filter OG 1. 

Estimation of mercapturic acid. Stekol’s (1936) iodometric 
method was modified by omission of ethanol in the titration 
because the pink colour of the end point in the original 
method was obscured by the colour developed in tetra- 
chloronitrobenzene urines during the hydrolysis. Although 
the method gave good results with p-chlorophenyl mer- 
capturic acid only 47+6% of the mercapturic acid formed 
from 2:3:5:6-tetrachloronitrobenzene could be accounted for 
when it was added to normal urine. Allowance for this was 
made in calculating the results from metabolic urines. It 
should perhaps be mentioned that the values obtained in 
this way were supported by the amount of the mercapturic 
acid actually isolated from urine. 

Estimation of 2:3:5:6- and 2:3:4:5-tetrachloronitrobenzenes. 
Since these compounds were not readily absorbed, it was 
necessary to determine the amounts excreted unchanged 
in faeces. 2:3:5:6-Tetrachloronitrobenzene is not readily 
reduced. This and the insolubility in water of the resulting 
amine made its quantitative estimation by the diazo method 
impracticable. A polarographic method based upon that of 
Dennis, Powell & Astle (1949) was, therefore, used. The 
polarograph was an automatically recording instrument 
(Cambridge Instrument Co. Ltd.) by means of which current- 
voltage changes are recorded photographically. A 2 ml. cell 
was used. The rate of dropping was | drop/2-2-5 sec. and the 
sensitivity was 1/7. The organic solvent was isopropanol and 
the buffer acetic acid (1 vol. 0-1N) and sodium acetate 
(1 vol. 0-1N). Estimations were carried out in solutions con- 
sisting of equal volumes of buffer and isopropanol solution 
saturated with N,. ‘Day’ faeces, collected over 24 hr. and 
uncontaminated by urine, were finely ground and extracted 
with isopropanol for 6 hr. in a Soxhlet extractor. The dark 
green viscous extract was diluted with further isopropanol 
to give a concentration of 2:3:5:6-tetrachloronitrobenzene 
within the range 10-100yg./ml. The calibration curve, 
constructed by measuring the height of the step (half-wave 
potential=0-8 V.), given by amounts of the compound 
within this range, was a straight line, 1 cm. step corre- 
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sponding to l4yg./ml. 2:3:5:6-tetrachloronitrobenzene. 
Known amounts of this compound added.to normal faeces 
gave results corresponding to recoveries of 93-100%. At 
the dilutions used (e.g. 24 hr. faeces in 10000 ml.) inter- 
ference by normal constituents of faeces is negligible. 
(Dilution should not be less than 100 ml. for 24 hr. faeces.) 
As little as 1 mg. 2:3:5:6-tetrachloronitrobenzene in 24 hr. 
faeces may be determined in this way. The method can also 
be applied to the ether-extractable material of urine. 
Although interfering substances are present their effect is 
usually negligible if the extract from 24 hr. urine is diluted 
to not less than 50 ml. 

The polarographic method can be applied to pure 
2:3:4:5-tetrachloronitrobenzene but not to faecal extracts 
containing it. Addition of isopropanol extracts of normal 
faeces suppresses reduction at the cathode and inconsistent 
results are obtained. .A sufficiently accurate estimate of this 
isomer in faeces may, however, be made by exhaustive 
steam distillation of an aqueous suspension of faeces. The 
solid (a mixture of the tetrachloronitrobenzene with some 
tetrachloroaniline) from the distillate is collected either by 
filtration or by ether extraction and weighed. The former 
method gives a recovery of 2:3:4:5-tetrachloronitrobenzene 
added to faeces of about 80 % and the latter 90 %. (The error 
in calculating this as the nitro compound is about 2 % since 
about 20% of amine is formed, see p. 269.) Alternatively, 
the distillate may be used for polarographic estimation of 
the tetrachloronitrobenzene alone. This method is ap- 
plicable also to 2:3:5:6-tetrachloronitrobenzene. 

Paper chromatography. The general method was described 
by Bray, Thorpe & White (19505). 


RESULTS 

The average daily excretions of ethereal sulphate by the 
rabbits used in this investigation ranged from 24 to 54 mg. 
SO,. The average percentage by which the normal individual 
daily values differed from the corresponding weekly 
averages used as ‘baseline’ for purposes of calculation was 
+6°8 (+2 mg. SO,). The corresponding values for glucu- 
ronic acid were 90-211 mg. and +5:7% (+8-5 mg. glucu- 
ronic acid) for the rabbits dosed with 2:3:5:6-tetrachloro- 
nitrobenzene and 85-284mg. and +13:6% (+26 mg. 
glucuronic acid) for those dosed with 2:3:4:5-tetrachloro- 
nitrobenzene. The wider range with the latter compound is 
probably due to its toxicity. 
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Metabolism of 2:3:5:6-tetrachloronitrobenzene 


Excretion in faeces. Table 1 summarizes the results ob- 
tained. In no case was any of the compound detected in the 
faeces passed more than 3 days after dosage. It will be seen 
that over a wide range of dose (0-1-3-0 g.) 59-78% is un- 
absorbed. Even a dose as small as 10 mg. is absorbed to an 
extent of only 70-78%. Evidence was obtained that some 
reduction of the nitro group takes place in the gut (see 
below). 


Table 1. The excretion of 2:3:5:6-tetrachloronitro- 
benzene in faeces after its administration to rabbits 


(Data for 1-5 g. dose are given in detail, other doses as 


totals only.) 
Percentage of dose excreted in faeces 





Dose 7 


(g.) Ist day 2ndday 3rd day Total ; 
0-01 — — — 22, 30 
O-1 — —_ —_— 60, 60 
0-5 - — — 67, 72 
1-5 58-5 4-9 0-5 64 
47-4 11-0 0-7 59 
52-0 7-0 0 59 
3-0 a = if 77, 78 
Average for doses 0-1-3-0 g. 66 


Urinary excretion products. Table 2 summarizes the 
quantitative results obtained. The values give the total 
excretion in 48 hr. after dosage. In large-scale quantitative 
experiments (dose 3-0 g.) it was found that very small 
amounts of tetrachloroaniline and mercapturic acid were 
excreted on the third day. If any glucuronide was excreted 
on the third day the amount was too small to be distin- 
guished from baseline values. It can be seen that if the 
amount of the compound unabsorbed is taken into account 
96 % of a dose of 1-5 g. can be accounted for. It will be seen 
later that at least 9°% of the dose is excreted as 2:3:5:6- 
tetrachloroaniline and 2% as free 4-amino-2:3:5:6-tetra- 
chlorophenol. Attempts were made to determine (by the 
Folin and Ciocalteu method as used by Bray, Thorpe & 
White, 1950c) the amounts of phenolic metabolites excreted 
in free and conjugated forms, but the results obtained were 
invariably low, only about 3-5 % of the dose being accounted 


Table 2. The amounts of metabolites excreted in urine in 48 hr. by rabbits 
after administration of 2:3:5:6-tetrachloronitrobenzene 


(Results are expressed as percentage of the dose.) 


Metabolite 
Ether glucuronide 


Ethereal sulphate 


Mercapturic acid 
Unconjugated 4-amino-2:3:5:6-tetrachlorophenol 


2:3:5:6-Tetrachloroaniline 


No. of Dose 
exp. (g.) Range Average 
2 1-5 11-13 12 
2 3-¢ 11-13 12 
2 1-0 0-1 1 
1 1-5 — 1 
6 1-5 9-15 11 
1* 1-5 - 2 
be 1-5 — 9 
} 3-( — 12 


* By isolation from pooled urines of several rabbits. 
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for as total phenol as against 12% as glucuronide alone 
estimated by the naphthoresorcinol method. The standard 
used was 4-amino-2:3:5:6-tetrachlorophenol isolated from 
metabolic urines, and it is possible that the mixture of 
various phenols in the phenol fraction interfered with the 
intensity of colour given by 4-amino-2:3:5:6-tetrachloro- 
phenol with the Folin and Ciocalteu reagent. 

Isolation of 2:3:5:6-tetrachloronitrobenzene from faeces. 
Faeces of rabbits which had received 2:3:5:6-tetrachloro- 
nitrobenzene were ground, suspended in water, and steam- 
distilled. The solid which separated from the distillate was 
collected and recrystallized from aqueous ethanol. This was 
identified as the unchanged compound by comparison with 
an authentic specimen. The crude solid gave a feeble orange 
colour on diazotization and coupling with N-(1-naphthyl)- 
ethylenediamine similar to that given by 2:3:5:6-tetra- 
chloroaniline. Analysis of the crude solid gave Cl, 53-8%. 
(Cale. for C,HO,NCI,: Cl, 54-49% and for C,H,NCI,: Cl, 
61-5%.) This suggests that only very small amounts of the 
reduced compound were present. 

Absence of 2:3:5:6-tetrachloronitrobenzene from urine. The 
urine from a rabbit which had received 2:3:5:6-tetrachloro- 
nitrobenzene was extracted with ether for 24 hr. at pH 8. 
The solvent was removed from the extract, and the residue 
dried in vacuo. This gave no colour with tetraethylam- 
monium hydroxide (Auerbach, 1950). It thus appears that 
the amount of unchanged 2:3:5:6-tetrachloronitrobenzene 
excreted in urine is negligible. 

Isolation of 2:3:5:6-tetrachloroaniline from urine. The 
urine of rabbits which had been dosed with 2:3:5:6-tetra- 
chloronitrobenzene (3 g. each) was collected for 3 days after 
dosage. Each day’s urine was adjusted with HCl to pH 3 
and the flocculent precipitate separated and dried. (The 
third day’s urine usually gave a small precipitate but the 
fourth day’s urine none.) The precipitates were extracted 
with successive small volumes of cold acetone. The addition 
of a small amount of water to the extracts caused the ready 
separation of fine colourless needles of 2:3:5:6-tetrachloro- 
aniline, m.p. 107°, not depressed by admixture with an 
authentic specimen. The residue from the acetone extraction 
consisted mainly of a mercapturic acid, m.p. 212°, with small 
amounts of tetrachloroaniline (for the treatment of this 
residue see below). The total yield of 2:3:5:6-tetrachloro- 
aniline was 1:35g. from 18g. tetrachloronitrobenzene 
(8-5 % of dose). A better yield (0-63 g. from 6 g., or 12% of 
dose) was obtained by suspending the acid precipitate from 
urine in 2N-NaOH and separating the tetrachloroaniline by 
exhaustive steam distillation. Practically pure 2:3:5:6- 
tetrachloroaniline, m.p. 106°, separated from the distillate. 
This method has the disadvantage of destroying the mer- 
capturic acid, but provides a convenient method of assessing 
the total excretion of tetrachloroaniline. (No tetrachloro- 
aniline was obtained when the pure mercapturic acid was 
steam-distilled under these conditions.) The yield obtained 
by the acetone method and the absence of any indication of 
the presence of tetrachloroacetanilide makes it reasonable to 
assume that the steam-distillation method gives a reliable 
measure of the total excretion of free tetrachloroaniline. 

Isolation of a mercapturic acid from urine. This compound 
was first obtained by continuous extraction with ether of the 
urine at pH 4, but is more conveniently prepared from the 
precipitate formed on adjusting the urine to pH 3. The 
residue left after extraction of this precipitate with small 
volumes of cold acetone, whereby much tetrachloroaniline 
was removed (see above), was dissolved in a large volume of 
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a mixture of acetone (1 vol.) and 96 % (v/v) ethanol (3 vol.), 
leaving a small brown granular residue. The extract was 
treated with 2 vol. water and left to stand overnight at 0°. 
The crystals which separated were purified by solution in 
acetone-ethanol, decolorizing by filtration through charcoal 
if necessary, and crystallizing by addition of water as colour- 
less elongated needles, m.p. 212°. By further addition of 
water, crops of crystals were obtained from the mother 
liquors which were either tetrachloroaniline or a mixture of 
tetrachloroaniline and the mercapturic acid, from which the 
two pure compounds could be separated by repetition of the 
acetone treatment. Total yield of mercapturic acid, 1-75 g. 
from 18 g. tetrachloronitrobenzene (7 % of dose). 

The nature of the mercapturic acid. The acid obtained above 
was very sparingly soluble in water and in acetone, contained 
8, and reacted with I, under the conditions of mercapturic 
acid estimation. [«]??° +33°+2° in ethanol (c, 0-24). No 
nitro group was detected by the polarograph, and there was 
no colour when treated with the Bratton & Marshall (1939) 
or Folin and Ciocalteu reagents. More than half of the com- 
pound was recovered unchanged after hydrolysis for 5 hr. 
with 2Nn-HCl in a sealed tube in boiling water. It was estab- 
lished that this compound was N-acetyl-S-(2:3:5:6-tetra- 
chlorophenyl)-L-cysteine. (Found: C, 35-1; H, 2-3; N, 40 
(Dumas and Kjeldahl); Cl, 37-4; S, 8-2; equiv. 372. 
C,,H,O,NSCl, requires C, 35-0; H, 2-4; N, 3-7; Cl, 37-7; 
8, 8-5%; equiv. 377.) On treatment with diazomethane it 
formed a methyl ester, as colourless needles, m.p. 174°. 
(Found: C, 37-1; H, 2-9; Cl, 36-4; 8, 8-3. C,,.H,,O,NSCI, 
requires C, 36-8; H, 2-8; Cl, 36-3; S, 8-2 %.) The mercapturic 
acid was hydrolysed by boiling under reflux with n-NaOH 
for 1 hr. On acidification of the cooled reaction mixture a 
white precipitate was formed which, after recrystallization 
from aqueous acetone, gave colourless needles, m.p. 104°. 
(Found: C, 29-3; H, 0-9; Cl, 57-7; S, 12-5. 2:3:5:6-T'etra- 
chlorothiophenol; C,H,SCl,, requires C, 29-0; H, 0-8; Cl, 
57-3; S, 12-9%.) This compound gave a deep blue colour 
with Folin and Ciocalteu reagent. In another experiment 
the mercapturic acid (0-48 g.) was hydrolysed with NaOH as 
above, and the cooled reaction mixture extracted with 
ether. The aqueous layer was then acidified and again 
extracted with ether. The first extract yielded 75 mg. of 
a product which crystallized with some difficulty from 
ethanol, had m.p. 128-130° and contained S and Cl but gave 
no blue colour with Folin and Ciocalteu reagent. The second 
extract yielded 180mg. 2:3:5:6-tetrachlorothiophenol. 
Assuming the compound in the first extract to be 2:3:5:6- 
tetrachlorophenyldisulphide, the yield of thiophenol and 
disulphide was 80 % of the theoretical. The residue from the 
ether extractions was evaporated to dryness and extracted 
with ethanol. The extract (36 mg.) was examined by paper 
chromatography for amino-acids. Several ninhydrin- 
reacting spots were observed but could not be identified with 
certainty. 

Isolation of 4-amino-2:3:5:6-tetrachlorophenol from urine. 
This metabolite was isolated both from metabolic urines as 
collected and from a hydrolysed glucuronide syrup. The 
48 hr. urine from seven rabbits, each of which had received 
2:3:5:6-tetrachloronitrobenzene (1-5 g.) was continuously 
extracted with ether at pH 8-0. The residue, after removal of 
ether from the extract, was mainly solid which on recrystal- 
lization from aqueous ethanol (charcoal) gave colourless 
elongated platelets m.p. 186°, identified as 4-amino-2:3:5:6- 
tetrachlorophenol. This gave a blue colour with Folin and 
Ciocalteu reagent, a feeble orange colour in the diazo 
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reaction resembling that given by 2:3:5:6-tetrachloro- 
aniline, and a strongly positive indophenol test. (Found: 
C, 29-6; H, 1-3; N, 6-0; Cl, 56-6. C,H,ONCI, requires C, 29-2; 
H, 1-2; N, 5-7; Cl, 57-5%.) Yield 200 mg. or 2% of dose. The 
same compound was isolated in small yield from the crude 
glucuronide syrup (see below) after hydrolysis by boiling 
with HCl (0-1 vol. 12N) under reflux for 1 hr. Continuous 
extraction of the hydrolysate with ether for 24 hr. yielded 
brown, viscous, ether-soluble material which partially 
erystallized on chilling. On recrystallization from aqueous 
ethanol (charcoal) slightly coloured elongated platelets, 
m.p. 186°, were obtained. These were identical (mixed m.p.) 
with those obtained by direct extraction of urine. 

Attempted isolation of a glucuronide from urine. Isolation 
of m-hydroxybenzoic acid. The glucuronide syrup obtained by 
the usual lead procedure (Bray et al. 1947) did not crystallize. 
As mentioned in the previous section, 4-amino-2:3:5:6- 
tetrachlorophenol was isolated after hydrolysis. During 
attempts to purify the syrup it was continuously extracted 
with ether and the extract contained, besides hippuric acid, 
a small amount of a chlorine-free phenolic acid, m.p. 198°. 
(Yield 30 mg. from 48 hr. urine of ten rabbits.) Comparison 
by means of paper chromatography with phenolic acids 
known to occur in normal rabbit urine (see Bray et al. 
1950b) suggested that it was m-hydroxybenzoic acid (m.p. 
201°). This was confirmed by the method of Bray, Lake, 
Thorpe & White (1950a), which clearly differentiates 
between m- and p-hydroxybenzoic acid. Mixed m.p. with 
an authentic specimen of m-hydroxybenzoic acid (m.p. 
201°) was 200°. 


Metabolism of 2:3:5:6-tetrachloroaniline 


Excretion of faeces. The 24 hr. faeces from two rabbits 
which had each been given 1 g. of 2:3:5:6-tetrachloroaniline 
yielded on steam distillation 360 mg. (18% of dose) of un- 
changed compound which separated from the distillate as a 
flocculent precipitate 

Urinary excretion products. Unchanged 2:3:5:6-tetra- 
chloroaniline separated when the urine was acidified (pH 3). 
Yield 0-3 g. or 15% of the dose. Estimation of glucuronic 
acid and ethereal sulphate in 48 hr. urines indicated that 
60% of a dose of 2:3:5:6-tetrachloroaniline was excreted as 
glucuronide and 10% as ethereal sulphate. Thus 70 % of the 
dose, or 85% of absorbed 2:3:5:6-tetrachloroaniline, is 
hydroxylated. Mercapturie acid is apparently not formed 
since there was no significant increase in iodine titration 
after dosage, and no mercapturic acid was detected in the 





acid precipitate of the urine. 
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Metabolism of 2:3:4:5-tetrachloronitrobenzene 


Excretion of faeces. Owing to its toxicity this compound 
was not usually administered for quantitative experiments 
at dose levels greater than 0-3 g./kg. From 27 to 36% 
(average 33%) of a dose of 2:3:4:5-tetrachloronitrobenzene 
was excreted as a mixture of unchanged compound and 
tetrachloroaniline in the faeces passed during 48 hr. after 
dosage. This was mainly excreted during the first 24 hr. and 
none was found after 48 hr. The solid material isolated from 
the faeces by steam distillation gave a strongly positive 
diazo reaction similar to that given by 2:3:4:5-tetrachloro- 
aniline. Both 2:3:4:5-tetrachloronitrobenzene and 2:3:4:5- 
tetrachloroaniline were isolated from this material. Estima- 
tion by the diazo method indicated that 20% was in the 
reduced form. This extensive reduction of 2:3:4:5-tetra- 
chloronitrobenzene in the gut suggests that at least a part of 
the tetrachloroaniline appearing in urine (see below) may be 
formed before absorption. 

Urinary excretion products. The quantitative results 
obtained are summarized in Table 3. The values give the 
total excretion in 48 hr. No metabolites were detected in the 
third day’s urine. Allowing for the failure to absorb 33%, 
an average of 91% of a dose of 0-7 g. can be accounted for. 
In one experiment (not included in Table 3) a value of 17% 
was obtained for glucuronide. This was almost certainly due 
to anorexia since the baseline on the 2nd day after dosage 
was considerably lower than before dosage. Determinations 
of free or conjugated phenols were not made since 2-amino- 
3:4:5:6-tetrachlorophenol was not available as a standard. 
Estimation of amino compounds by the Bratton & Marshall 
(1939) method was unsatisfactory since the diazo colour 
produced in urines (and in ether extracts of the urines) was 
orange whereas the colour given by 2:3:4:5-tetrachloro- 
aniline was the usual red. This may have been due to the 
presence of 2-amino-3:4:5:6-tetrachlorophenol which would 
be expected to give the yellow colour typical of diazo oxides 
when treated with nitrous acid. 

Isolation of 2:3:4:5-tetrachloroaniline from urine. Tetra- 
chloroaniline was isolated from the 24 hr. urine of rabbits 
dosed with 2:3:4:5-tetrachloronitrobenzene either by con- 
tinuous extraction with ether from the urine adjusted to 
pH 4, by steam distillation of the urine, or by precipitating 
from the urine by addition of acid. For example, the urine 
from four rabbits which had each received 0-7 g. 2:3:4:5- 
tetrachloronitrobenzene was adjusted to pH 1 by addition 
of cone. HCl. The precipitate was collected and recrystal- 
lized from aqueous acetone as colourless needles, m.p. 118 


Table 3. The amounts of metabolites excreted in urine in 48 hr. by rabbits 
after administration of 2:3:4:5-tetrachloronitrobenzene 


(Results are expressed as percentage of the dose.) 


No. of 

Metabolite exp. 

Ether glucuronide 8 
1* 

Ethereal sulphate 4 
1* 

Mercapturic acid 2 
2:3:4:5-Tetrachloroaniline ly 
lf 


* Pooled urine of five rabbits each given dose of 1 g. 


Dose 
(g-) Range Average 
0-7 29-57 41 
1-0 — 54 
0-7 3-10 6 
1-0 — 5 
0-7 0 0 
0-7 —_— 1] 
1-0 _- 16 


By isolation from pooled urines of several rabbits. 
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not depressed by admixture with authentic specimen of 
2:3:4:5-tetrachloroaniline, m.p. 118°. Yield 0-12 g. A 
further 0-14 g. was obtained by steam distillation of the 
residual urine. Total yield 10-5% of dose. The urine left 
after steam distillation was hydrolysed by boiling under 
reflux for 2-5 hr. with H,SO, (equal vol. 10N). This was made 
just alkaline, and a small amount (11 mg., 0-5% of dose) of 
tetrachloroaniline was obtained by steam distillation. This 
suggests that the tetrachloroaniline is excreted almost 
entirely free and that the extent of acetylation, if any, must 
be very small. No mercapturic acid was detected either in 
the acid precipitate from urine or in ether extracts, and 
no 2:3:4:5-tetrachloroacetanilide was obtained from ether 
extracts. It may be noted that if 2:3:4:5-tetrachloro- 
aniline is present in urine hydrolysed with H,SO, it is 
extracted by ether as a sulphate forming platelets, m.p. 285° 
(decomp.) after darkening at 260°. (Found: equiv. 160. 
C,H,NCl,.H,SO, requires 164.) Recrystallization from 
ethanol in absence of H,SO, gave 2:3:4:5-tetrachloroaniline. 
The sulphate could be prepared by extracting with ether the 
suspension formed by boiling 2:3:4:5-tetrachloroaniline in 
5N-H,SO,. 

Attempted isolation of glucuronide and phenolic meta- 
bolites. The glucuronide syrup obtained by the usual lead 
procedure could not be crystallized. It was hydrolysed by 
heating on a boiling-water bath for 2 hr. with HCl (equal. 
vol. 10N), and the hydrolysate was extracted with ether at 
pH 8. From the extract a yellow syrup was obtained which 
gave a strongly positive Folin and Ciocalteu reaction, but 
no crystalline compound could be isolated. Other attempts 
to isolate a phenol from hydrolysed 2:3:4:5-tetrachloro- 
nitrobenzene urines were also unsuccessful. The separation 
of black tarry material during hydrolysis suggests that the 
phenolic metabolite is unstable. 


Reduction of aromatic compounds in the intestine 


The stomach and intestines were removed from a freshly 
killed rabbit. Samples of the contents of (i) the stomach, 
(ii) the small intestine and (iii) the large intestine were sus- 
pended in water, incubated at 37° with 2:3:4:5-tetrachloro- 
nitrobenzene (0-2 g.) for 48 hr. and then filtered. The filtrates 
from (ii) and (iii) gave strong cherry-red diazo colours but 
that from (i) gave a negative reaction. 

One-tenth of the mixed contents of the small and large 
intestine of a rabbit were made up to 50 ml. in water, and 
sodium p-nitrobenzoate (50mg. in 10 ml.) added. The 
mixture was incubated at 37° and samples (5 ml.) were 
withdrawn at hourly intervals. The samples were mixed 
with ZnSO,.7H,O (5 ml. 10% w/v) and NaOH (5 ml. 
0-5N) and filtered. The amino compound present in the 
filtrates was determined by the Bratton & Marshall (1939) 
method using p-aminobenzoic acid as standard. Some 
results obtained are shown in Fig. 1. It can be seen that 
more than 7% of p-nitrobenzoic acid was reduced in 1 hr. 
and 24% in 3hr. In 24 hr. over 60% was reduced. This 
suggests that slowly absorbed compounds which remain in 
the gut for a long time may be largely reduced before 
absorption. Reduction at similar rates was observed with 
2:3:4:5-tetrachloronitrobenzene, nitrobenzene, m-nitro- 
phenol and o-, m- and p-nitrobenzoic acids and their 
amides. o- and p-Nitrotoluenes and p-nitrophenol were 
reduced very slowly. 

Little reduction was observed when p-nitrobenzoic acid 
was incubated for 3 hr. with the contents of the small 
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intestine of the rat and only 7% after 18 hr. When the 
contents of the large intestine were used, however, reduction 
was appreciable after 15 min. and 10, 20 and 74% had been 
reduced after 1, 2 and 18 hr. respectively. 


Reduction of 2:3:4:5-tetrachloronitrobenzene and 
p-nitrobenzoic acid by bacteria from rabbit intestine 


Agar slopes were inoculated with intestinal contents and 
incubated for 48 hr. at 37°. Three successive subcultures 
were made and a final one in three Petri dishes containing 
(a) medium with 2:3:4:5-tetrachloronitrobenzene, (5) 
medium with p-nitrobenzoic acid, and (c) medium alone. 
Round white colonies appeared in (a) after 72 hr. and in (6) 
after 6 weeks. The media were dissolved in water and the 
diazo reaction applied; in cultures (a) and (b) a positive 
reaction was obtained while (c) gave a negative reaction. 
This indicates that the reduction is bacterial in origin. 
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Fig. 1. Reduction of sodium p-nitrobenzoate by intestinal 
contents of the rabbit at 37°. 


Reduction of 2:3:4:5-tetrachloronitrobenzene 
by liver extract 

Incubation of 2:3:4:5-tetrachloronitrobenzene with 
rabbit-liver extract for 3 hr. caused some reduction to the 
corresponding aniline. The diazo reaction was intense after 
24 hr. The reduction of the nitrobenzoic acids and amides by 
liver extracts has been reported previously (Bray, Thorpe & 
Wood, 1949). 


DISCUSSION 


The quantitative results obtained with the two 
tetrachloronitrobenzenes and 2:3:5:6-tetrachloro- 
aniline are compared in Table 4, in which the values 
are expressed as a percentage of the amount of 
compound absorbed, i.e. the amount of unabsorbed 
material has been deducted from the actual dose 
administered. The most conspicuous differences 
between the results for 2:3:5:6 compounds are in the 
amounts of ethereal sulphate and mercapturic acid 
excreted. The nitro compound yields a relatively 
large amount of mercapturic acid but very little 
ethereal sulphate, whereas administration of the 
amine, which is formed from it in vitro, gives no 
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Table 4. Excretion of metabolites of 2:3:5:6- and 2:3:4:5-tetrachloronitrobenzenes 
and of 2:3:5:6-tetrachloroaniline by the rabbit 


(Results are expressed as the average percentage of the absorbed dose. Absorbed dose =actual dose administered less 


material found in faeces after 48 hr.) 


2:3:5:6-Tetrachloro- 


2:3:5:6-Tetra- 2:3:4:5-Tetrachloro- 


nitrobenzene chloroaniline nitrobenzene 

Absorbed dose (g.) 0-58 0-82 0-47 

Metabolite: 
Tetrachloroaniline 23 18 16 
Tetrachloroaminophenol 5 - — 
Glucuronide 31 73 61 
Ethereal sulphate 3 12 9 
Mercapturic acid 28 0 0 

Total accounted for 90 103 86 

detectable mercapturic acid but considerable tetrachloroaminophenol formed from it will be 


ethereal sulphate. The extent of hydroxylation is, in 
fact, very much greater with the amine, since not 
only is 12% of the absorbed dose excreted as 
ethereal sulphate but also the glucuronide output 
is more than doubled; 85% of absorbed 2:3:5:6- 
tetrachloroaniline is hydroxylated and conjugated 
compared with 34% of the nitro compound. Com- 
parable amounts of free tetrachloroaniline are ex- 
creted after administration of the two compounds 
and all identified metabolites are amino compounds. 


lower than when preformed tetrachloroaniline is 
administered. This would account for the total 
extent of hydroxylation being so much less when 
tetrachloronitrobenzene is administered, but under 
these conditions it would be expected that the pro- 
portion of tetrachloroaminophenol conjugated with 
sulphuric acid would be greater, giving a glucu- 
ronide/sulphate ratio, G/S, lower than that ob- 
tained when a higher body level of the aminophenol 
is achieved by administration of tetrachloroaniline 


NO, NH, NH, NH, 
Cl Cl Cl Cl Cl cl 12% Ci Cl 
Cl Cl Cl Cl Cl Cl Cl Cl 

OH OC,H,0, 
a%- \11% 9% 2% \1% 

NH, 

Unabsorbed Cc] c]  Excreted Excreted cl Cl 
free free 

Cl Cl Cl Cl 
OSO,H 


8.CH,.CH.COOH 


NH.CO.CH, 


It seems unlikely that the failure to excrete an 
appreciable amount of ethereal sulphate after a dose 
of 2:3:5:6-tetrachloronitrobenzene can be ascribed 
to a limitation of sulphur available for the conjuga- 
tion since it has been shown that the rabbit can 
normally provide about 5 mg. sulphur/hr. for 
ethereal sulphate formation (Bray et al. 19526). The 
total amount of sulphur required to produce the 
mercapturic acid, which is excreted over at least 
48 hr., is only 20 mg. Tetrachloronitrobenzene is 
absorbed with great difficulty and its metabolites 
are excreted up to 3 days after dosage, whereas 
tetrachloroaniline is both more readily absorbed and 
more rapidly eliminated. Tetrachloronitrobenzene 
is, in effect, being given in repeated very small doses 
so that the body levels of tetrachloroaniline and 





(see Bray, Thorpe & White, 1952c). It seems un- 
likely that a satisfactory explanation of the small 
ethereal sulphate excretion after giving tetra- 
chloronitrobenzene can be given without know- 
ledge of the kinetics of the reactions involved. It 
may be relevant that a significant part of a dose of 
tetrachloronitrobenzene is excreted as unconju- 
gated tetrachloroaminophenol. The absence of the 
mercapturic acid formation after administration of 
tetrachloroaniline must be ascribed to mercapturic 
acid being formed only from the nitrocompound or 
some intermediate in its reduction (see below). The 
experimental results can be summarized in the 
scheme above in which the percentage figures 
indicate the proportion of a dose of 1-5 g. converted. 
There is at present no clear evidence as to the extent 





979 





to which 2:3:5:6-tetrachloronitrobenzene may be 
reduced by bacterial reduction before absorption. 
The amount of 2:3:5:6-tetrachloroaniline formed in 
the gut would appear to be small, judging by the 
examination of faeces, in which only traces of the 
compound were found, and the fact that the tetra- 
chloroaniline is itself not rapidly absorbed (18 % of 
a dose of 2:3:5:6-tetrachloroaniline was found in 
faeces after 24 hr.). The formation of the mercap- 
turie acid and the low sulphate conjugation would 
also support the view that 2:3:5:6-tetrachloronitro- 
benzene is absorbed mainly as such. No unequi- 





vocal evidence of acetylation of any of the amino 
compounds was obtained. 
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pounds will help to elucidate the mechanism of this 
reaction. 

The metabolism of 2:3:4:5-tetrachloronitro- 
benzene differs from that of its symmetrical isomer 
in several respects. More is absorbed; more glucu- 
ronide aiid appreciable amounts of ethereal sulphate 
are excreted. No mercapturic acid formation was 
detected. The general quarititative pattern, in fact, 
resembles that obtained after administration of 
2:3:5:6-tetrachloroaniline, which appears to be 
absorbed and metabolized at much the same rate as 
2:3:4:5-tetrachloronitrobenzene and more rapidly 
than the symmetrical isomer. The observed results 
can be summarized in the following scheme: 


NO, NH, NH, NH, 
Cl Cl HO Cl 41%  C,H,0,0 Cl 
Cl Cl Cl Cl Cl Cl Cl Cl 
Cl Cl Cl Cl 
33% 11% 6% 
NH, 
Unabsorbed Excreted — HSO,O Cl 
(one-fifth reduced) free 
Cl Cl 
Cl 


The isolation of N-acetyl-S-(2:3:5:6-tetrachloro- 
phenyl)-L-cysteine is of interest, not only because 
this appears to be the first example of the formation 
of a mercapturic acid from a_polysubstituted 
aromatic compound, but also because the attach- 
ment of the cysteyl group has involved the elimina- 
tion of the N attached to C in the benzene ring. In 
previously described halogeno-mercapturic acids 
the acetyleysteyl group has replaced H attached to 
the C in the benzene ring which is in the para 
position to the halogen atom (see Williams, 1947). 
It is that N-acetyl-S- 
(2:3:5:6-tetrachlorophenyl)-L-cysteine is formed 
either directly from tetrachloronitrobenzene or 
from some intermediate product of its reduction to 


reasonable to conclude 


tetrachloroaniline, but not from tetrachloroaniline 
itself since no mercapturic acid is formed when 
tetrachloroaniline is administered. It may be 
pertinent that in tetrachloronitrobenzene C,) is 
surrounded by three electron-attracting groups, the 
chlorine atoms attached to C.. and C,, and the 
nitro group. No increase in excretion of nitrite, 
which might be expected if the N was liberated 
from some possible intermediates, e.g. tetrachloro- 
phenylhydroxylamine, was detected in urines 
passed while 2:3:5:6-tetrachloronitrobenzene was 
being metabolized. It is hoped that a study of 
mercapturic acid formation in some related com- 


The percentage figures indicate the proportion of a 
dose of 0:7 g..converted. With this isomer it has 
been shown that 20 % of the material in faeces is in 
the form of 2:3:4:5-tetrachloroaniline. This makes it 
probable that at least some of the dose is absorbed 
in the reduced form. Some of the material ab- 
sorbed is excreted as free 2:3:4:5-tetrachloroaniline. 
6-Amino-2:3:4:5-tetrachlorophenol 
lated. For both isomers, the failure to detect nitro 
compounds amongst the metabolites, and isolation 
of the anilines, makes it probable that reduction of 
tetrachloronitrobenzenes precedes hydroxylation. 
The observation that several aromatic nitro 
compounds are readily reduced by bacteria in 
intestinal contents shows that this factor should be 
considered when the fate of aromatic nitro com- 
pounds is studied. If the compound is rapidly 
absorbed the extent of reduction may only be small, 
e.g. the nitrobenzoic acids and amides are only 
slightly reduced by the rabbit (Bray et al. 1949), but 
if compounds are absorbed slowly it is possible that 
virtually all the reduction observed may have taken 
place in the intestine before absorption. There is, 
however, evidence that reduction of nitro com- 
pounds can also take place within the body, since 
2:3:4:5-tetrachloronitrobenzene injected intraperi- 
toneally gave rise to the excretion of diazotizable 
compounds, and liver extracts have been shown to 


was not iso- 
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reduce nitro compounds. The observation that nitro 
compounds may be reduced by intestinal contents 
has also been made by Glazko, Wolf, Dill & Bratton 
(1949) in a study of chloramphenicol (2-dichloro- 
acetamido-1-p-nitropheny]-1:3-propanediol). 

The isolation of m-hydroxybenzoic acid from 
urine after administration of 2:3:5:6-tetrachloro- 
nitrobenzene is of interest. This compound cannot 
reasonably be considered a metabolite of 2:3:5:6- 
tetrachloronitrobenzene and its isolation can be 
compared with that of the same compound by 
Bielig & Hayashida (1940) from the urines of rabbits 
dosed with f-ionone. Its isolation from normal 
rabbit urine has not yet been reported, although 
Lederer & Polonsky (1948) obtained it from the 
urine of pregnant mares. Bray et al. (1950a) 
obtained evidence on paper chromatograms that it 
was present in normal rabbit urine in greater 
amounts than the para isomer. 


SUMMARY 


1. The metabolism of 2:3:5:6- and 2:3:4:5-tetra- 
chloronitrobenzenes in the rabbit has been studied. 

2. The compounds are poorly absorbed, an 
average of 66% of the 2:3:5:6- and 33% of the 
2:3:4:5-isomer being excreted in faeces. 

3. The average percentages of a dose of 2:3:5:6- 
tetrachloronitrobenzene excreted in urine as 2:3:5:6- 
tetrachloroaniline, glucuronide, ethereal sulphate 
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and mercapturic acid were 10, 12, 1 and 11 respec- 
tively. Some 4-amino-2:3:5:6-tetrachlorophenol 
was excreted unconjugated. This metabolite, 
2:3:5:6-tetrachloroaniline and N-acetyl-S-(2:3:5:6- 
tetrachlorophenyl)-L-cysteine were isolated. 

4. m-Hydroxybenzoic acid was isolated from 
urine after administration of 2:3:5:6-tetrachloro- 
nitrobenzene. 

5. When 2:3:5:6-tetrachloroaniline was given to 
rabbits the average percentages of the dose ex- 
creted were 18% unchanged in faeces, 15% un- 
changed in urine, 60% as glucuronide and 10% as 
ethereal sulphate. No mercapturic acid formation 
was detected. 

6. The average percentages of a dose of 2:3:4:5- 
tetrachloronitrobenzene excreted in urine as 2:3:4:5- 
tetrachloroaniline, glucuronide and ethereal sul- 
phate were 13, 46 and 6 respectively. 2:3:4:5- 
Tetrachloroaniline was isolated. No mercapturic 
acid formation was detected. 

7. Various aromatic nitro compounds are re- 
duced by intestinal bacteria. 


Weare indebted to Dr M. Bird and Bayer Agriculture Ltd. 
for the gift of the tetrachloronitrobenzenes, and to Prof. 
J. R. Squire for drawing our attention to the agricultural 
application of TCNB. The microanalyses for the mercapturic 
acid were done in the Department of Chemistry of this 
University by the kind arrangement of Prof. M. Stacey and 
Mr R. Belcher. Other microanalyses were carried out by 
Weiler and Strauss, Oxford. 
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The Estimation of Tryptic Activity in Duodenal Contents 


By A. H. GOWENLOCK 
Department of Physiology, University of Manchester 


(Received 16 April 1952) 


A rapid reproducible method for the assay of 
tryptic activity in duodenal juice has been de- 
veloped in connexion with investigations in this 
department on the hormonal stimulation of pan- 
creatic function. Titrimetrie methods (see, for 
example, Lagerléf, 1942) for estimation of such 
juices were found to be difficult as some samples 
contain high concentrations of bile pigments which 
obscure the titration end point. This same difficulty 
has recently been commented on by Hartiala (1951). 
Colorimetric methods have also been elaborated in 
the past. Coloured proteins (e.g. dyed fibrin, 
azocasein) have been employed, the degree of 
proteolysis being assessed by determination of the 
non-precipitable coloured digestion products (see, 
for example, Smorodinzew & Adowa, 1924; 
Charney & Tomarelli, 1947). Another approach has 
been the colorimetric estimation of the substrate 
itself (White & Bowman, 1947) or alternatively of 
non-precipitable tyrosine (and tryptophan) both 
before and after enzyme action. 

The present method follows the latter course and 
is based on Anson & Mirsky’s (1933) estimation 
using denatured haemoglobin as substrate. This 
substrate has been replaced by a more readily 
available one, namely denatured human serum 
proteins, and is therefore analogous to Hunt’s 
(1948) modification of Anson & Mirsky’s method for 
the estimation of pepsin. 


METHOD 


Reagents. 0-35N-Trichloroacetic acid; 0-25n-NaOH, 
Folin and Ciocalteu’s (1927) phenol reagent; buffer solution, 
pH 9-5, prepared from M-NH,Cl solution and NH; solution 
(sp.gr. 0-880) ; solutions of phenol in 0-001 N-HCl (10, 20, 30, 
40, 50, 60 and 70 mg./1.). 

Substrate solution. Dehydrated human serum which was 
regarded as unfit for transfusion purposes has been used. 
The undenatured substrate solution is made up to contain 
4 g. of dried serum in 100 ml. of 0-01N-NaOH solution and 
its pH is about 10. This solution, contained in a flask 
plugged with cotton wool, is immersed in a boiling-water 
bath for 12 min. After this time, the flask is transferred to a 
bath of running cold water to cool to room temperature and 
the resultant solution is filtered through cotton wool. To the 
filtrate is added 0-25 vol. of the NH,CI-NH,OH buffer 
solution. The pH of the substrate solution should be 9-5 and 
any necessary adjustment is made with the aid of the glass 
electrode. 


Duodenal juice. This is obtained from human subjects by 
duodenal intubation. Contamination by gastric contents is 
avoided as far as possible by simultaneous gastric intubation 
and suction. The samples are immediately mixed with an 
equal volume of glycerol and stored at 2° (Lagerléf, 1942). 
The technique has recently been outlined by Howat (1952). 
Activation by addition of enterokinase is not necessary, 
duodenal juice being fully activated (Agren and Christiansen 
1933, quoted by Lagerléf, 1942). 


Estimation of tryptic activity 

A series of pairs of test tubes is made up, two pairs being 
necessary for each assay which involves ‘test’ and ‘control’ 
determinations. One tube of each pair contains 5-0 ml. of 
substrate solution, the other contains 10-0 ml. of 0-35n- 
trichloroacetic acid solution. The tubes are placed in a water 
bath at 37° for 15 min. prior to the start of the determina- 
tion. The duodenal juice-glycerol mixtures (approx. 2-5 ml.) 
are placed in the bath about 5 min. before the start of the 
determination. If a duodenal juice-glycerol mixture is 
suspected to have a very high activity, as after pancreo- 
zymin stimulation, it is diluted with an equal volume of 
50% (v/v) glycerol. 

At zero time, 1-0 ml. of the juice is added to the substrate 
tube of the first pair (the ‘test’ determination), followed 
30 sec. later by the addition of 1-0 ml. of the same juice to 
the trichloroacetic tube of the second pair (the ‘control’ 
determination). The process is repeated at intervals of 
30 sec. for the different samples of juice to be assayed. | 
After each addition of juice the tubes are agitated to ensure 
adequate mixing. 

Exactly 15 min. after the addition of a juice to a pair of 
tubes, any reaction is brought to a standstill by mixing the 
contents of the paired tubes by pouring back and forth a few 
times. This precipitates any residual protein and the bile 
pigment is adsorbed on to the precipitate. After allowing 
the tubes to remain at 37° for 4-5 min., the contents are } 
filtered through a 12-5cem. Whatman no. | filter paper. 
(Occasionally the filtrate from a control determination on a 
very concentrated active juice gives a slightly cloudy 
filtrate. This is cleared by filtration again through a What- 
man no. 30 paper.) When no free liquid is apparent in the 
filter paper, the colourless clear filtrate is mixed to ensure 
homogeneity and 2-0ml. are transferred to a 100ml. 
conical flask containing 20-0 ml. of 0-25n-NaOH solution. 
The filtrate is run in down the side of the flask, mixed by a 
gentle swirling motion and immediately followed in the 
same way by 1-0 ml. of Folin and Ciocalteu’s phenol reagent. . 
In this way aerial oxidation of the phenolic substances is 
reduced to a minimum. 

A blue colour develops rapidly, and 15-30 min. later its 
intensity is measured by means of a Hilger Spekker ab- 
sorptiometer using an Ilford 607 filter and a 1 cm. absorption 
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cell. (Any colorimeter may be used provided it is standard- 
ized as described below. An EEL Photoelectric Colorimeter 
and Ilford 607 filter have proved satisfactory.) 

The difference in colorimeter readings between the test 
and control determinations is a measure of the tryptic 
activity of the juice, and use is made of a standardization 
curve to convert this figure into units of tryptic activity. 

Preparation of the standard curve. It was considered that 
human duodenal juice rather than commercial trypsin 
preparations should be used for the construction of this 
curve, as the method was to be used in conjunction with 
investigations on the effects of gastro-intestinal hormones on 
human pancreatic secretion. Furthermore, it was necessary 
to ensure that the method was reliable both for juices 
obtained from normal and pathological subjects and for 
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Definition of the unit of tryptic activity. As the estimation 
involves the colorimetric estimation of soluble phenolic 
substances, the unit of activity was defined by comparison 
of the chromogenic activity of the protein-free filtrate 
described above with that of a phenol solution of known 
strength. 

The composite activity curve in Fig. 1 does not differ 
significantly from that obtained by using 2-0 ml. of solutions 
of phenol (concen. 10, 20, 30, 40, 50, 60 and 70 mg./l.) in 
place of 2-0 ml. of the protein-free filtrate in the method of 
estimation described above. These phenol solutions are 
made up in 0-001 N-HCl to reduce any aerial oxidation of the 
phenol. By this means therefore a standardization curve 
can be prepared for any colorimeter and a convenient unit of 
tryptic activity is available. 










40 50 60 70 
Units of enzyme (mg./I. phenol) 


Fig. 1. The standard curve relating tryptic activity to the colour difference between test and control determinations as 
determined by the Hilger Spekker absorptiometer. @, points used to construct the composite activity curve. 
©, points obtained by using phenol solutions to standardize the colorimeter. 


juices obtained after different methods of stimulation or 
under resting conditions. This has been investigated as 
follows: 

An activity curve was prepared for a given juice by 
determining the colour differences between test and control 
for a juice diluted to 50, 40, 30, 20 and 10% (v/v) of its 
original concentration (50% = juice as stored with glycerol). 
Dilutions were carried out with 50% (v/v) aqueous glycerol. 
The colour differences were plotted as ordinates against the 
percentage concentrations of the juice as abscissae to give 
an activity curve for a single juice. 

These activity curves were determined on juices obtained 
from six subjects. In each case the juices obtained under 
resting conditions and after secretin and pancreozymin 
stimulation were investigated. Three of the subjects were 
normal medical students (two female, one male). The fourth 
was a woman with a gastroenterostomy and suspected 
pancreatitis, the fifth, a man with suspected pancreatitis and 
the sixth, a man with a disease of the central nervous 
system and achlorhydria. The eighteen curves so obtained 
have been made to overlap by a suitable choice of units 
along the horizontal axis, to provide a composite activity 
curve (Fig. 1). 





A duodenal juice is said to have x units/ml. of tryptic 
activity when, under the conditions of the above estimation, 
1 ml. of the 50 % (v/v) juice-glycerol mixture gives a protein- 
free filtrate with a chromogenic activity equal to that of a 
phenol solution of concentration x mg./l. 


Development of the method 


The method described above is based on a series of 
investigations outlined below. 

Preparation of the substrate. It was necessary to find a 
suitable way of denaturing the serum proteins whilst 
keeping the protein concentration as high as possible and 
avoiding coagulation. Preliminary investigations were 
carried out with solutions of varying concentration, ad- 
justed to various pH values by addition of Na,CO, solution 
and heated to 100° for different periods of time. The results 
given in Table 1 show that a 4% serum protein solution of 
pH 10 heated at 100° for 10-15 min. is satisfactory. (Plasma 
proteins cannot be used as the fibrinogen coagulates under 
these conditions.) Later experiments demonstrated the 
need for a NH,CI-NH,OH buffer during the actual estima- 
tion. This cannot be added during the initial denaturation 
owing to the loss of NH, and consequent change of pH. It is 
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The effect of different methods of denaturation of serum protein solutions 


(—denotes no coagulation; +denotes coagulation.) 


Table 1. 
Protein concen. (% w/v) se 3 
pH 10 
Time of heating at 100° (min.) 15 
Result = 


therefore added after denaturation has occurred. Finally, 
it has been found most convenient to dissolve the dried 
serum protein in 0-01N-NaOH to give a 4% solution of 
suitable pH without any need for further pH adjustment. 
The period of heating has been standardized at 12 min. 
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Fig. 2. The rate of formation and stability of the blue 
colour. 


Optimum pH for enzyme action. Preliminary tests sug- 
gested that this lay in the pH range 9-10. The decision as to 
the exact pH to be used was made by carrying out the esti- 
mation on substrates prepared by adding 1-0 ml. of 
NH,CI-NH,OH buffer of suitable pH to 4-0 ml. of the 
denatured protein solution. The pH values of the substrates 
were checked electrometrically and the results of a typical 
experiment are: pH 9-00 (0-360), pH 9-45 (0-395), pH 9-80 
(0-358). The figures given in parentheses are the differences 
in absorptiometer reading between test and control deter- 
minations. A pH of 9-5 has therefore been adopted for the 
standard method outlined above. 


Table 2. Reproducibility of the substrate 


(The results are given as the difference in the EEL colori- 
meter readings between test and control. Substrates pre- 
pared from sera 2 hr. previously, except for D, prepared 
22 hr. previously.) 

Results of triplicate estimations 


Substrate ; 


A 42-2 42-2 42-7 
B 42-7 43-2 43-7 
Cc 42-8 41-6 40-0 
D 44:3 42-3 44-3 


Stability of the pH during the reaction. Since the reaction is 
sensitive to changes in pH it was necessary to check that the 
pH was constant during the reaction time. This was done by 
electrometric determination using a glass electrode. Under 
the standard conditions of the estimation, the addition of a 
duodenal juice (35 units/ml.) and subsequent incubation 


4 4 4 4 5 5-6 
9 10 10 10 10 10 
15 10 15 20 15 8 


+ - - + + + 


did not alter the pH by more than 0-02 unit. In the absence 
of the buffering agent the change may be as much as 0-50 of 
a pH unit. It has therefore been the practice to carry out 
the estimation in the presence of a buffer. 

Influence of bile. The bile pigment does not interfere with 
the estimation. The greater part of the pigment is adsorbed 
on to the precipitated protein and does not appear in the 
protein-free filtrate. Traces of pigment in this filtrate are 
further diluted tenfold during the colour development and 
thus have little effect on the colorimeter reading. 
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Fig. 3. The relationship between the Lagerlof and Gowen- 
lock methods for the estimation of tryptic activity in 
twenty-nine duodenal juices. 


The influence of bile on the enzyme activity was investi- 
gated by adding cat bile (1 vol.) to duodenal juice (4 vol.) 
relatively free from bile. Two samples of juice treated in this 
way showed activities of 11-6 and 27-4 units/ml. Control 
samples to which water had been added instead of bile had 
activities of 11-8 and 28-0 units/ml. It is concluded that bile 
is without serious effect on tryptic activity. Similar con- 
clusions were reached by Lagerléf (1942). 

Colour development. The protein-free filtrates have been 
treated in the manner described by Hunt (1948) whose 
observations regarding procedure have been confirmed. The 
rate of formation and stability of the blue colour are shown 
in Fig. 2. 
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Reproducibility of the substrate. This has been investigated 
by carrying out, in triplicate, estimations of the activity of a 
duodenal juice using four different substrate preparations. 
The results given in Table 2 show that there are only minor 
variations in the results obtained with the different sub- 
strates. Analysis shows that the variation between sub- 
strates is not significant (P >0-05). 

Accuracy of the estimation. From the experiment indicated 
in the last section, the twelve estimations on the given duo- 
denal juice gave a result of 42-7 + 0-4 (s.z.M.), expressing the 
result in terms of the colorimeter reading. This is accurate 
enough for the purposes for which the method was designed. 

Correlation with Lagerléf’s method. The results of the 
estimations of tryptic activity of twenty-nine different 
duodenal juices by the present method and by that of 
Lagerléf (1942) are shown in Fig. 3. The correlation coeffi- 
cient for the two sets of results is 0-82, a figure which 
statistically is highly significant (P<0-001). Fig. 3 enables 
the two sets of units to be interconverted; one Lagerléf unit 
is equal to 70-5 units as defined in this paper. 


RESULTS 


The concentration of enzyme in juices obtained 
under different conditions is very variable. This is in 
part due to the variation in the output of juice per 
minute. The relationship between enzyme concen- 
tration, minute output and hormonal stimulation is 
to be reported in detail elsewhere, but the following 
are some typical values. 

In seventeen determinations carried out on 
resting juice the range of activity was 1-75 units/ml., 
but twelve of these results lay in the range 8-38 
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units/ml. In the case of juice obtained after secretin 
administration the range for nineteen estimations 
was 19-93 units/ml. and fourteen of these lay in the 
range 25-75 units/ml. Juice obtained after pan- 
creozymin stimulation showed a range of 18-90 
units/ml. for sixteen juices, but eleven of the results 
lay in the range 50-80 units/ml. 


SUMMARY 


1. A method is described for the assay of tryptic 
activity in duodenal juices using a denatured pre- 
paration of dried human serum as the substrate and 
measuring the phenolic substances liberated by 
trypsin. 

2. A unit of tryptic activity is defined, and a 
method for the calibration of any colorimeter is 
suggested. 

3. The experimental basis of the method is 
presented and the overall accuracy is assessed. 

4. The results from this method have been 
correlated with those from Lagerléf’s (1942) 
method. 

5. The range of activity of varying types of 
juice is discussed briefly. 


I wish to thank Prof. A. A. Harper and Dr H. T. Howat 
for their interest and for allowing me to use the duodenal 
juices obtained in their experiments. I am indebted to 
Dr S. Oleesky for the estimations by the Lagerléf method 
and to Dr F. Stratton for the dried serum used in this 


work. 
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The Action of Mould Enzymes on Sucrose 


By F. J. BEALING anp J. 8. D. BACON 
Department of Biochemistry, The University, Sheffield 10 


(Received 30 April 1952) 


The hydrolysis of sucrose by mould invertase pre- 
parations has been considered to result from «- 
glucosidase (glucosaccharase) activity (Kuhn, 1923), 
on the basis of observations that the reaction rate is 
decreased by the presence of free «-glucose, pre- 
sumed to act as a competitive inhibitor. Modifica- 
tion of this view became necessary when mould 
extracts were found to hydrolyse part of the ‘y’- 


methyl fructoside mixture (Schlubach & Rauchalles, 
1925; Purves & Hudson, 1934), and, in the absence 
of melibiase activity, to attack raffinose (Rohde- 
wald, reported by Kuhn & Miinch, 1927; Hestrin, 
1940). These results indicated the presence of a 
B-fructosidase similar to that found in yeast in- 
vertase preparations; accordingly, it has been 
suggested that sucrose breakdown by moulds may 
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result from the combined action of an «-glucosidase 
and a §-fructosidase (Kuhn & Miinch, 1927; 
Weidenhagen, 1932; Hestrin, 1940). However, the 
idea that a glucosaccharase is the typical con- 
stituent of mould invertase preparations has been 
restated in recent reviews (Neuberg & Mandl, 1950; 
Gottschalk, 1950). 

The results presented here refer to the action of 
mould extracts on sucrose and lead to the conclusion 
that the enzyme concerned is a 8-fructofuranosidase 
capable of transferring fructose residues to suitable 
acceptors. This theory affords an explanation for the 
appearance, first observed by Edelman (1950), of 
oligosaccharides other than sucrose as intermediates 
during the reaction. 

Part of this work was communicated to the 
Biochemical Society at Sheffield on 21 July 1951 
(Bealing & Bacon, 1951). Since this paper was sub- 
mitted, Pazur (1952) has described the preparation 
from Aspergillus oryzae of a ‘transfructosidase’ 
which would appear to be the same enzyme as that 
described here. 


MATERIALS AND METHODS 


Organisms and media. Enzyme preparations were ob- 
tained from Aspergillus oryzae (Commonwealth Mycological 
Institute 17299), A. niger (National Collection of Type 
Cultures 594), and Penicillium spinulosum. The strain of 
Aspergillus niger used had been subcultured on malt agar in 
this laboratory for 4 years: the Penicillium appeared as a 
contaminant of one of these cultures. Other species used 
were P. chrysogenum (strain Q-176), subcultured on malt 
agar for 2 years; and Aspergillus flavus, Eremascus fertilis 
and E. albus, which were kindly supplied by Mr J. Webster 
of the Botany Department of this University. 

Roux bottles containing 70-100 ml. of Czapek-Dox 
medium (5% sucrose; 0-2% NaNO,; 0-1% K,HPO,; 
0-05% MgSO,.7H,0; 0-05% KCl; 0-001% FeSO,.7H,O) 
were inoculated with spores and incubated at room temper- 
ature (Penicillium), or 30° (Aspergilli). Mycelial felts were 
usually harvested within 8 days of inoculation, before the 
beginning of active sporulation. 

When spores were required the mould was grown for 
1-3 weeks on a solid medium (as above, with the addition of 
2% agar), and the spores washed off with water. The same 
solid medium was used for the slopes on which the fungi were 
subcultured during the course of the present work (from 
October 1950). 

Preparation of mould extracts. The term ‘mould extract’ 
will be used to describe any extract of mycelium or spores 
derived from the fungi used, irrespective of species or 
treatment. 

Frozen material was crushed in a press (Hughes, 1951) 
cooled by contact with solid CO,, the product being a mobile 
fluid (20°) which still contained a few viable cells, as indi- 
cated by the fact that a little growth occurred if the material 
was stored for 2-3 days without CHCl, or toluene. The 
suspension was centrifuged and the supernatant liquid 
dialysed for 2 days in the presence of toluene against 
running tap water, the dialysis being carried out in Visking 
synthetic cellulose casing (John Crampton and Co. Ltd., 
Wythenshawe, Manchester). A flocculent precipitate usually 
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developed during dialysis: this was removed by filtration to 
give a clear, slightly coloured extract. 

Extracts were also prepared by the autolysis of mycelium 
under toluene for 6-7 days at room temperature, sometimes 
after a short preliminary treatment of the material in a 
Waring Blendor. The extract was finally filtered under 
suction, dialysed as above, and filtered a second time. 

The dry matter of extracts prepared by these methods 
was variable, in most cases lying between 2 and 4 mg./ml. 
The commercial preparations used (Parke, Davis and Co. 
‘Takadiastase’) contained large amounts of lactose, so that 
after dialysis the dry matter fell to concentrations, for 
5-10% (w/v) solutions, comparable with those of the 
extracts prepared in this laboratory. 

Sugars. The sugars were chromatographically pure 
commercial products, except for turanose which was 
acquired through the courtesy of Dr C. S. Hudson. 

Paper partition chromatography. The apparatus and 
methods employed were those of Bacon & Edelman (1951) 
and Bacon & Loxley (1952), with the following modifications, 

Quantitative chromatograms were usually run four 
together in the same tank, the two sheets on each side of the 
trough being separated by glass or stainless-steel rods 
(Lindan & Work, 1951). Development of the outer chro- 
matograms was retarded by this procedure, but adequate 
separation of the spots on all chromatograms was obtained 
after 2-5 days. 

Sugars separated on these chromatograms were extracted 
by heating appropriate areas of the paper with a known 
volume of water in glass-stoppered tubes at 70-80° for 
30 min. Each tube was shaken to incorporate condensation 
water in the extract, the paper compressed with a glass rod, 
and samples for estimation taken from the supernatant 
liquid. Extracts of regions of each chromatogram which 
contained no detectable sugar were used as controls in the 
estimation. 

The recovery of fructose was 95-103 % of that expected 
from the concentration of sucrose employed. 

Treatment of two-dimensional chromatograms with yeast 
invertase solutions was used to elucidate the monosaccharide 
composition of oligosaccharides (Bacon & Edelman, 1951). 
Spraying with an aqueous enzyme solution was avoided 
because it permitted diffusion of the spots: instead, a filter- 
paper pad soaked in the solution (20% (v/v) British Drug 
Houses Ltd. Invertase Concentrate) was pressed on the 
appropriate area. This treatment diminished the extent of 
diffusion but some material was lost by transference to the 
paper pad. 

Incubation procedure. Mixtures of substrate, buffer and 
enzyme were incubated in the presence of CHCI, in glass- 
stoppered tubes at room temperature (18-24°). In many 
cases, successive samples were analysed by paper chromato- 
graphy: inactivation of the small volumes used (twenty 
5 yl. drops) was accomplished by placing 5 yl. quantities of 
0-01 m-HgCl, on the starting line and allowing them to dry 
before application of the solution to be analysed. This 
procedure had no effect on the development of the chromato- 
grams. Relatively large samples (0-5-4-0 ml.) were in- 
activated either by heating for 3 min. in tubes previously 
placed in a boiling-water bath, or by the addition of HgCl, 
solution to give a final concentration of 0-001-0-002m- 
HgCl,. . 

Quantitative estimations. (1) Ketose. A colorimetric 
method (Cole, unpublished; see Bacon & Bell, 1948) based 
on the Seliwanoff reaction was used. The values obtained for 
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extracts of blank areas of paper were usually negligible. 
(2) Reducing substances. As mentioned by Bacon & Edelman 
(1951), the method of Miller & Van Slyke (1936) was found to 
give relatively large values when applied to extracts of 
blanks from chromatograms: a colorimetric method 
(Nelson, 1944; Somogyi, 1937) was employed to estimate 
reducing sugars extracted from paper because with this the 
blank values were negligible. The presence of small amounts 
of CHCI,, toluene or thymol interfered with the reaction, and 
solutions intended for estimation without a preliminary 
dilution were preserved by the addition of HgCl, solution, 
or by freezing. Solutions containing less than 3% (w/v) 
reducing sugar were estimated directly by delivering 5 or 
101. quantities into each tube from an Agla micrometer 
syringe (Burroughs Wellcome and Co., London). 


RESULTS 
Action of mould extracts on sucrose 


An extract of crushed Penicillium spinulosum 
mycelium (10-0 ml.) was added to 40-0 ml. buffered 
sucrose solution to give a final concentration of 
7-5% (w/v) sucrose in 0-007M-acetate buffer at 
pH 5-0. The solution was incubated at room temper- 
ature and 4-0 ml. samples were removed at intervals. 
Each sample was inactivated by heating, cooled and 
left for 12 hr. to permit mutarotation, after which 
the optical rotation was measured in a 2 dm. 
polarimeter tube holding 3 ml. of solution. The 
reducing sugar content of a 5 or 10yl. quantity of 
each solution was determined. 

The amount of reducing sugar expected to be 
present was deduced from the polarimetric readings 
on the arbitrary assumption that glucose and 
fructose were the only products of sucrose break- 
down. This assumption gave, for reducing sugar, 
results in good agreement with those obtained by 
direct estimation (Fig. 1). However, analysis of the 
solutions by quantitative paper chromatography 
showed that the initial rate of disappearance of 
sucrose from the reaction mixture was approxi- 
mately three times as great as that inferred from the 
optical data on the above arbitrary assumption (see 
Fig. 1). 

Despite the initially rapid disappearance of 
sucrose from the reaction mixture, complete 
hydrolysis was reached only after a prolonged 
incubation period (several weeks). The chromato- 
grams showed that the disappearance of sucrose was 
accompanied by a simultaneous accumulation of 
oligosaccharides (described subsequently as the 
‘upper spots’) having R, values less than that of 
sucrose (Fig. 2). 

Four upper spots appeared in relatively large 
amounts: they are referred to as a, 8, y and 8 (R; 
values in butanol-acetic acid: 0-07, 0-04, 0-02 and 
0-01 respectively, compared with sucrose, R, 0-11). 
These substances were not produced when mould 
extracts were incubated with glucose, fructose, 
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galactose, mannose, trehalose (1-(«-p-glucopyran- 
osyl)-«-D-glucose), turanose (3-(«-D-glucopyran- 
osyl)-p-fructose), melezitose (2:3-di-(«-D-glucopy- 
ranosyl1)-8-p-fructofuranose), raffinose (1-(8-D-fruc- 
tofuranosy)) - 6 - («-D-galactopyranosy]) - « - D -gluco- 
pyranose), or with a mixture of glucose and fructose, 
but were always present when sucrose was used as 
substrate. They were also produced by the action of 
Takadiastase (Parke, Davis and Co.) on sucrose, 
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Fig. 1. Comparison of values for reducing sugars obtained 
by direct estimation with those deduced from the change 
in optical rotation of the reaction mixture. Extract of 
crushed P. spinulosum mycelium incubated with 7-5% 
(w/v) sucrose in 0-007M-acetate buffer, pH 5-0. @—®@, 
reducing sugar by direct estimation; O—O, residual 
sucrose (by quantitative paper chromatography, ex- 
pressed as pg. reducing sugar/yl.); @—--——@, reducing 
sugar, deduced from polarimetric data; O—-——-O, residual 
sucrose’, deduced from polarimetric data; B—i®, optical 
rotation of reaction mixture. 


and were present in sucrose culture media during the 
growth of all the fungi examined (Aspergillus 
oryzae, A. niger, A. flavus, Penicillium spinulosum, 
P. chrysogenum, Eremascus fertilis and E. albus). 
Growth of Penicillium spinulosum on a medium 
containing equal amounts of glucose and fructose 
(Czapek-Dox: sucrose replaced by 4% glucose, 4% 
fructose) did not result in the formation of upper 
spots. The presence of ketose in «, 8, y and 5 was 
demonstrated by the reaction with a spraying 
reagent containing phloroglucinol (Horrocks & 
Manning, 1949). Treatment with silver nitrate 
(acetone solution) and ethanolic sodium hydroxide 
(Trevelyan, Procter & Harrison, 1950) failed to 
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Fig. 2. Filter-paper chromatogram of successive samples of the reaction mixture during the incubation of an extract of 
autolysed P. spinulosum mycelium with 7-5% (w/v) sucrose in 0-007M-acetate buffer at pH 5-0. Chromatogram 8" 
developed for 2 days in butanol-acetic acid-water: sprayed with benzidine-trichloroacetic acid (Bacon & Edelman, in 
1951). th 


- sil 
fré 


Helianthus 
extract 


Invertase 
invertase 
Mould 
invertase 
Mould 
invertase 


Yeast 


= 
3 
ie] 
= 


3 


Ww 
uw 


w 
oO 


Spot Ill 


N 
wo 


Spot Il 
a 


N 
oO 


_ 
wm 


Spot 


= 
oO 


Reducing sugar and ketose (yg./uI.) 





se 
Sucro 0 


> em & 2 By Se eS } sar 
Time of incubation (hr.) but 





Fig. 4. Action of an extract of crushed P. spinulosum 
mycelium on 7:°5% (w/v) sucrose in 0-007M-acetate | 
buffer, pH 5-0. Fructose and oligosaccharides estimated | | 
and expressed in terms of ketose contents of eluates from Spe 
filter-paper chromatograms. Values for glucose derived 
from difference between estimates of total reducing | che 
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Fig. 3. Comparison of oligosaccharides produced from 
sucrose by a P. spinulosum extract with those produced by 
yeast invertase, and with the oligosaccharides present in 
extracts of Helianthus tuberosus L. (Jerusalem artichoke) 
tubers. Chromatogram run 4 days in butanol-acetic acid: 
sprayed with benzidine-trichloroacetic acid. 
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demonstrate the presence of reducing properties in 
these substances, although the spots eventually 
became visible at about the same time as a control 
sucrose spot. 

Yeast invertase hydrolysed «, B, y and 8; the 
presence of both glucose and fructose in each spot 
was shown by two-dimensional chromatography 
after treatment with this enzyme. 

Fructose-containing oligosaccharides are also 
produced by the action of yeast invertase on 
sucrose; one of these substances (spot II; see 
Bacon & Edelman, 1950) possessed an R, value 
corresponding with that of spot « (Fig. 3). This 
chromatogram also shows that four of the oligo- 
saccharides present in an extract of Helianthus 
tuberosus (artichoke) tubers possessed Ry, values 
similar to, but probably not identical with, those of 
a, B, y and 6. 

A fifth upper spot, having an R, value of 0-09, 
appeared when mould extracts were incubated with 
glucose, or when sucrose or maltose was used as the 
initial substrate. This substance did not react with 
the phloroglucinol reagent and was the only upper 
spot capable of the rapid reduction of alkaline 
silver nitrate solutions. It represented only a small 
fraction of the total carbohydrate in the solutions 
analysed (see last sample, Fig. 3, between sucrose 
and spot «), and the factors influencing its formation 
were not investigated. 

The formation and disappearance of the fructose- 
containing components of the reaction mixture, and 
the liberation of glucose, were followed by quanti- 
tative paper chromatography. 

An extract of autolysed Penicillium spinulosum 
mycelium (0-4ml.) was added to 1-6ml. of a 
buffered sucrose solution (final concentration, 7-5 % 
(w/v) sucrose in 0-007M-acetate buffer, pH 5-0). 
Samples taken during the reaction were placed 
on quantitative chromatograms pre-treated with 
mercuric chloride solution. The amount of each 
component of the chromatogram was determined in 
terms of ketose content. 

Disappearance of sucrose in the early stages of the 
reaction was accompanied by the liberation of 
glucose and the formation of upper spots (Fig. 4). 
These changes occurred rapidly; after incubation 
for 2 hr. spot « contained 55 % of the total fructose, 
15-5 % being in spots B, y and 8, and 25% in the 
sucrose spot. The monosaccharide fraction of the 
same sample contained 40% of the total glucose 
but only 4-5 % of the fructose. After 5 hr. the ketose 
content of the upper spots reached a maximum 
value, equivalent to 81% of the total fructose. 
Subsequently, a constant rate of decrease in upper 
spot fructose was accompanied by a corresponding 
increase in free fructose, there being no significant 
change in the ketose content of the sucrose spot 
before the experiment ended (36 hr.). 
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Effect of sucrose concentration 


One volume of a dialysed extract of Aspergillus 
oryzae mycelium was diluted to 12 vol. with water, 
and 1-0 ml. samples of the dilute solution were added 
to each of a series of buffered sucrose solutions 
(3-0 ml.) to give final concentrations of 0-6—60% 
(w/v) sucrose in 0-005 M-acetate buffer (pH 5-0). The 
mixtures were incubated for 1-5 hr., after which the 
enzyme was inactivated by heating. A sample 
(1-0 ml.) of each solution was diluted to 10 ml. for 
the estimation of reducing sugar. 


Upper spots 


Reducing sugar 


Reducing sugar and ketose (ug./ju!.) 
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Fig. 5. Effect of sucrose concentration on liberation of 
reducing sugar and formation of upper spots. Extract of 
autolysed A. oryzae mycelium incubated for 1-5 hr. with 
sucrose solutions buffered with 0-005M-acetate buffer, 
pH 5-0. Upper spots expressed as ketose. 


Under the conditions of this experiment the 
amounts of reducing sugar liberated were small 
(never greater than 10% of the sucrose originally 
present) so that the reaction rates measured could 
be regarded as initial velocities. The rate of libera- 
tion of reducing sugar increased with substrate con- 
centration, reaching a maximum value at about 
40% (w/v) sucrose and decreasing slightly there- 
after (Fig. 5). Values for the Michaelis constants 
calculated from the results of this and other experi- 
ments varied from 0-06 to 0-08m for extracts of 
A. oryzae, but the values obtained for Takadiastase, 
presumably from the same species, were as low as 
0-02-0-03M. 

Chromatographic analysis showed that the rate of 
formation of upper spot material (at this stage of the 
reaction consisting almost entirely of spot «) was 
dependent on substrate concentration in the same 
way as the liberation of reducing sugar. The 
amounts of free fructose present were small, and 
since the more concentrated solutions had to be 
diluted before analysis, it was not possible to obtain 
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reliable values for the rate of liberation of this 
sugar. 

In another experiment samples of dialysed 10% 
(w/v) Takadiastase (1-0 ml.) were added to 4-0 ml. 
volumes of buffered sucrose solutions, giving final 
concentrations of 2-39 % (w/v) sucrose: the course 
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Fig. 6. Effect of sucrose concentration on liberation of 
fructose and formation of upper spots. Takadiastase 
(2%, w/v) incubated with sucrose solutions: composition 
of mixtures determined at time when 50% of the sucrose 
had disappeared. Amounts of fructose and upper spots 
estimated as ketose and expressed as percentages of total 
ketose in the mixture. 


of the reaction was followed by the analysis of 
0-5 ml. samples which were removed at intervals 
and inactivated by the addition of 0-1 ml. 0-01m- 
mercuric chloride solution. A preliminary dilution 
(by the addition of 2-0 ml. water) was made of those 
solutions which contained more than 10% (w/v) 
sucrose. 
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The greater extent of substrate breakdown in 
these mixtures permitted a more precise estimation 
of fructose liberation. Whereas the concentration of 
sucrose influenced the rates of formation of glucose 
and upper spots in the same way as in the previous 
experiment, it produced no significant change in the 
rate of fructose liberation, in the range 4-39% 
sucrose. 

A comparison was made between different re- 
action mixtures, based on the composition of the 
solution (deduced from time curves) when the 
ketose content of the sucrose spot had decreased to 
50% of its initial value. The amounts of fructose 
present as the free sugar and combined in the upper 
spots are shown as percentages of the total fructose 
in Fig. 6. These values were independent of sub- 
strate concentration except in solutions containing 
less than 10% (w/v) sucrose when relatively, 
although not absolutely, more fructose was liberated. 


Comparison of different mould extracts 


Several extracts of Penicillium spinulosum 
material were incubated with 7-5 % (w/v) sucrose in 
0-007 M-acetate buffer at pH 5-0. Time curves of the 
reactions showed that the amounts of oligosac- 
charide formed at the stage at which 50% of the 
sucrose had disappeared, were approximately the 
same (Table 1). Analyses 2 and 3 of this table refer 
to the action of extracts of mycelium inoculated at 
the same time, grown under the same conditions 
and harvested after 3 and 11 days, respectively: 
analysis 6 refers to the action of an extract of 
crushed spores. 

Extracts of Aspergillus oryzae and A. niger 
liberated greater and more variable amounts of 
fructose under the same conditions. 


Table 1. Comparison of oligosaccharide-forming activities of different extracts 


(Dialysed extracts incubated with 7-5 % (w/v) sucrose in 0-007 M-acetate buffer, pH 5-0. Samples taken at intervals and 
analysed by quantitative paper chromatography; composition of solutions compared at the point (deduced from time 
curves) when the sucrose spot contained 20 ug. ketose/yl., equivalent to 49-3% substrate breakdown. All extracts made 


from mycelium, except 6 and 14.) 


Species Extract 

1. P. spinulosum Autolysed 

2. P. spinulosum Autolysed 

3. P. spinulosum Autolysed 

4. P. spinulosum Autolysed 

5. P. spinulosum Crushed 

6. P. spinulosum Crushed spores 
7. A. oryzae Autolysed 

8. A. oryzae Autolysed 

9. A. oryzae Crushed 

10. A. oryzae Crushed 

ll. A. oryzae Crushed 

12. A. niger Autolysed 

13. A. niger Autolysed 

14. A. niger Growth medium 


Fructose 
Fructose Upper spots recovery 
(ug-/pl.) (ug. ketose/ jl.) %) 
1-0 19-2 102 
0-7 18-0 99 
0-8 18-1 99 
0-8 18-3 99 
1-4 18-3 100 
0-7 17-7 98 
2-6 16-2 98 
2-4 18-2 103 
3-8 15-3 100 
4-0 14-5 97 
58 12-2 96 
8-0 v8 96 
4:8 13-8 98 
1-8 15-5 95 


a ee 


a a ee ee 


en eh it Ol 








Vol. 53 


MOULD INVERTASE 283 


Table 2. Effect of partial inactivation by heat 


(Dialysed extract of autolysed P. spinulosum mycelium incubated with 7-5% (w/v) sucrose in 0-007 M-acetate buffer, 
pH 5-0. Part of same extract heated to 55° for 10 min., cooled and incubated under the same conditions. Composition of 
sample compared with that of unheated control at same stage of sucrose breakdown (sucrose spot containing 8-0 yg. 


ketose/l.).) 


Time of Recovery of 
incubation Fructose Upper spots fructose 
Extract (hr.) (ug. ketose/ pl.) (ug. ketose/l.) (%) 
Untreated 2-2 1-6 28-7 97 
Heated 7-0 1-8 29-1 99 


All of the mould extracts examined liberated 
reducing sugars from maltose, lactose, trehalose, 
turanose, melibiose, melezitose and raffinose. 


Effect of partial inactivation by high temperature 


An extract of autolysed Penicillium spinulosum 
mycelium was incubated with 7-5% (w/v) sucrose 
in 0-006M-acetate buffer at pH 5-0; samples taken 
at intervals up to 3hr. were analysed by paper 
chromatography. 

Part of the same mycelial extract was heated to 
55° for 10 min. ina water bath. After cooling, it was 
incubated under the same conditions, and a sample 
was analysed after 7 hr. 

The heat treatment was found to have decreased 
the rate of sucrose breakdown to 30%, but the 
composition of the sample analysed was found to be 
very similar to that of the control solution (deduced 
from a time curve) when the concentration of ketose 
in the sucrose spot had fallen to the same level 
(Table 2). 

Effect of different pH values 

Equal volumes of an extract of autolysed 
Aspergillus oryzae mycelium were incubated with 
sucrose in a series of solutions containing 7-5 % (w/v) 
sucrose and 0-008m-veronal buffer adjusted to 
different pH values. Samples taken at intervals 
from each solution were analysed by paper chro- 
matography. 

The rate of formation of upper spots reached a 
maximum value at about pH 6-0, but the rate of 
liberation of free fructose was greatest under 
slightly more acid conditions (pH 4-5) (Fig. 7). Asa 
result of this, there was a greater proportion of free 
fructose in the solutions at pH 4-5 (examined at 
50 % sucrose breakdown) than in those at pH 6-5. 


Growth of fungi on sucrose media 


The course of sucrose breakdown during the 
growth of A. niger on a sucrose medium was 
followed by paper chromatography, in one instance, 
quantitatively. 

Czapek-Dox medium (100 ml.) containing 7-5 % 
(w/v) sucrose was sterilized by heating for 10 min. 
on a steam bath on each of three consecutive days, 
inoculated with 0-1 g. wet A. niger spores and incu- 
bated at 30°. Mycelium became apparent within 


10 hr. of inoculation and sporulation began at 
73 hr. Samples were taken at intervals up to 31 hr. 
when more than 50 % of the sucrose had disappeared : 
1-0 ml. samples of the solution were inactivated by 
the addition of 0-1 ml. 0-01mM-mercuric chloride 
solution to each. The course of sucrose breakdown 
during this period was qualitatively similar to that 
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Fig. 7. Effect of pH on liberation of fructose and formation 
of upper spots. Extract of autolysed A. oryzae mycelium 
incubated for 2 hr. with 7-5% (w/v) sucrose in 0-008 m- 
veronal buffers. Upper spots expressed as ketose. 


resulting from the action of mould extracts. 
Quantitatively, slightly more upper-spot material 
was produced (50% substrate breakdown) than by 
extracts of the same species (see Table 1, analysis 
14); this difference may not be significant. 


DISCUSSION 


The breakdown of sucrose by mould extracts 
results in the formation of a number of oligo- 
saccharides (upper spots). Four of these substances 
contain fructose and appear in relatively large 
amounts: their formation could be explained in 
terms of a transference of fructose residues to 
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acceptor molecules, a reaction which would involve 
the simultaneous liberation of glucose: 


Fruf2B-«1Gp L xX —> Fruf2p-X + G 
x-p-Gluco- acceptor B-fructo- glu- 
pyranosyl- furanoside cose 


B-p-fructo- 
furanoside 
(sucrose) 


A formulation of this type, with sucrose acting as 
acceptor, has been suggested by Fischer, Kohtés & 
Fellig (1951) and Edelman & Bacon (1951): more 
general equations presented by Wallenfels & Bernt 
(1952) refer to the group-transferring activities 
of mould lactase, maltase and invertase prepara- 
tions. 

Of a number of substances known to act as 
acceptors for fructose residues, only sucrose, 
oligosaccharides derived from this sugar, and water 
are considered in the present paper. It should be 
noted, however, that the inhibitory effect of added 
glucose, fructose and alcohols might also be attribut- 
able to their action as acceptors. 

Transference to sucrose would lead to the forma- 
tion of trisaccharides containing two fructose 
residues and the initiation of a series of upper spots, 
each substance formed acting as an acceptor for 
additional fructose units. 

The liberation of free fructose in the reaction 
mixture could result from the transference of 
fructose to water. This reaction, involving the 
disappearance of a glycosidic link, would not be 
expected to be reversed to any appreciable extent 
and would thus result in a continuous loss of sub- 
strates. The oligosaccharides produced by transfer 
reactions are susceptible to enzymic attack; break- 
down of these substances, accompanied by the 
transference of fructose units to water, would lead 
eventually to complete hydrolysis of sucrose. 

It is convenient, until evidence is produced to the 
contrary, to attribute both the formation of oligo- 
saccharides and the hydrolytic liberation of fructose 
to the action of a single enzyme. This view is sup- 
ported by observations that the ratio of these 
activities remained constant under controlled 
conditions in all of the Penicillium spinulosum 
extracts examined, even when the age and morpho- 
logical nature (mycelium or spores) of the material 
differed, and when extracts were subjected to 
partial heat inactivation (Tables 1 and 2). A similar 
constancy was found when the substrate concen- 
tration was varied between wide limits; the 


relatively greater fructose liberation at low sub- 
strate concentration could be attributed to an in- 
sufficiency of carbohydrate acceptor molecules. 

In the equation presented above, the product of 
fructose transfer is considered to be a £-fructo- 
furanoside. Support for this idea is provided by the 
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fact that yeast invertase (f-fructofuranosidase) 
hydrolyses the upper spots produced by mould 
extracts. 

It is probable that an enzyme catalysing the 
transfer of fructose residues from sucrose will be a 
B-fructofuranosidase rather than an «-glucosidase. 
Observations which indicate the presence of a 
fructosidase in mould extracts have been reported 
in the introduction: further evidence, referring 
to fructose-transference when f-fructofuranosides 
other than sucrose are used as substrates, will be 
presented in a later paper. 

The characterization of the Penicillium invertase 
as a fructosidase implies a similarity between this 
enzyme and yeast invertase, considered to be a 
typical f-fructofuranosidase (Neuberg & Mandl, 
1950). Yeast invertase preparations also produce 
fructose-containing oligosaccharides from sucrose 
(Blanchard & Albon, 1950; Bacon & Edelman, 
1950), even when highly purified (Fischer et al. 1951). 
Of the substances formed, one (spot II; see Bacon & 
Edelman, 1950) may be identical with spot «: the 
others possess R, values differing from f, y and 5, and 
may represent a second series of upper spots. This 
difference is probably not of fundamental import- 
ance and could be explained on the basis of differ- 
ences in enzyme specificity determining whether 
both or only one of the trisaccharide types 
Fru—(Fru—G) and Fru—(G—Fru) would be 
formed with sucrose acting as an acceptor, or, 
alternatively, whether one of these substances 
would be hydrolysed preferentially. 

Repeated transference of fructose to the same 
oligosaccharide molecule would result in the forma- 
tion of a fructosan, the formulation of the reaction 
then approximating to that given for levansucrase 
(Hestrin & Avineri-Shapiro, 1944): 


(n+m) Ald-Fruf + nH,O — 
(n+m) Ald+nFru + (levan). 


(Levan) representsa polymer derived from m fructose 
residues. The extent to which this process occurs, 
i.e. whether relatively few large molecules or large 
numbers of smaller molecules are produced, must 
depend on the affinity of the enzyme for large and 
small acceptor molecules. The formation of more 
than four fructose-containing upper spots by mould 
extracts acting on sucrose has not been observed 
under any conditions. 

Extracts of Aspergillus mycelium possessed a 
greater hydrolytic tendency than the Penicillium 
extracts (see Table 1): the magnitude of this 
difference was variable and influenced by the 
method of extraction so that here more than one 
enzyme was probably involved in sucrose break- 
down. The greater hydrolytic tendency at pH 5-0 
than at pH 7-0 may indicate differences in pH 
optima of the enzymes. 
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The complexity of the action of mould extracts is 
in contrast to the previously accepted view, which 
assumed glucose and fructose to be the only sub- 
stances formed. Earlier workers regarded the 
change in optical rotation of the reaction mixture as 
a convenient means of following invertase action, 
calculating their results on the basis of this assump- 
tion. There was no indication that results obtained 
by this procedure differed significantly from those 
obtained by direct estimation of reducing sugar, or 
that the initial assumption was invalid. However, 
in spite of the formation of upper spots, similar 
agreement was found in the present investigation 
when mould extracts were incubated with sucrose, 
which indicates that there is no reason to suppose 
that the reaction described in this paper is more 
complex than that studied by other authors using 
similar preparations. 

While it is clear that a similar quantitative 
relationship between certain aspects of two quite 
different paths of sucrose breakdown cannot be 
fortuitous, we have been unable to produce an 
explanation for it on theoretical grounds; nor does 
it seem likely that any exact formulation will be 
possible for what is at best only an approximate 
agreement. 


SUMMARY 


1. Extracts were prepared from Penicillium 
spinulosum, Aspergillus oryzae, and A. niger by 
autolysis under toluene and by crushing frozen 
mycelium and spores. The action of these extracts on 
sucrose was followed by paper chromatography. 

2. The breakdown of sucrose by mould extracts, 
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and by these and other fungi growing on sucrose 
media, is not a simple hydrolysis. An initially rapid 
disappearance of substrate from the solution is 
accompanied by the formation of four non-reducing 
fructose-containing oligosaccharides and the libera- 
tion of glucose. Hydrolysis of these oligosaccharides 
proceeds slowly, fructose being liberated at an 
almost constant rate throughout the reaction. 

3. The formation of the oligosaccharides was not 
observed when mould extracts were incubated with 
other sugars singly, or with a mixture of glucose and 
fructose. 

4. The effects of pH, substrate concentration, 
and partial heat inactivation were investigated. 

5. The ratio of oligosaccharide formation to 
fructose liberation was the same with all Penicillium 
spinulosum extracts examined, but was smaller and 
more variable with extracts of Aspergillus spp. 

6. The breakdown of sucrose by mould extracts is 
discussed and attributed to the transference of 
fructose residues to suitable acceptors by a f- 
fructofuranosidase, considered to be the only 
enzyme responsible for the hydrolysis of sucrose by 
Penicillium spinulosum extracts. 
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Metabolism of Nicotinic Acid and Related Compounds in Man and Rat 
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(Received 5 May 1952) 


The earliest attempts to study the fate of ingested 
nicotinic acid were confined to the isolation of 
various metabolites from urines (Ackerman, 1912; 
Komori & Sendju, 1926). It is now accepted that 
N1-methylnicotinamide (Huff & Perlzweig, 1943; 
Najjar, White & McNair Scott, 1944) and 
N}-methyl-2-pyridone-5-carbonamide (Knox & 
Grossman, 1946, 1947; Holman & de Lange, 1949) 
are important excretory products of nicotinic acid 
metabolism. The excretion of tertiary nicotinyl 
compounds, which give a colour by K6nig’s reaction 
(1904), has also been repeatedly reported, but the 
data were obtained by techniques based on com- 
plicated differentiation procedures (Melnick, Robin- 
son & Field, 1940; Perlzweig, Levy & Sarett, 1940; 
Huff & Perlzweig, 1941; Sarett, Huff & Perlzweig, 
1942; Johnson, Hamilton & Mitchell, 1945; 
Ellinger & Kader, 1949). Recently, more refined 
and accurate techniques were used by Johnson & 
Lin (1951) and by Leifer, Lloyd, Hogness & Corson 
(1951) who gave labelled nicotinic acid and nico- 
tinamide to rats and partitioned the metabolites in 
the urines by paper chromatography. This pro- 
cedure, however, is difficult to apply to man. 

The present communication deals with the 
differentiation and estimation of various meta- 
bolites of nicotinic acid and related compounds in 
the urines of man and the rat, by employing 
chromatographic techniques recently developed in 
this laboratory for both tertiary and quaternary 
nicotinyl compounds (Kodicek & Reddi, 1951). No 
attempt has been made to determine the N!-methyl- 
2-pyridone -5-carbonamide, which the above 
mentioned procedure cannot detect. 


MATERIALS AND METHODS 


Human subjects 


Four healthy male subjects on a normal diet were selected 
for these studies. 

Collection of urines. The subjects were given various 
nicotinyl compounds (Table 1) in turn at weekly intervals, 
together with 400 ml. of water, and their urines were 
collected for 3 hr. The dose was administered after breakfast, 
except in the case of the second dose of nicotinic acid which 
was given before breakfast to induce maximum flushing 
of the skin. 

The control urines from the undosed subjects were 
collected in the same way after giving 400 ml. of water. The 
urines were stored at 4° under toluene. 


Rats 


Sixteen male piebald rats, weighing 55-60g., were 
divided into two groups and housed in individual cages. One 
group received the low-protein maize diet of Harris & 
Kodicek (1950), which is deficient in nicotinic acid, and the 
other group received an adequate synthetic diet containing 
18% casein. 

Low-protein maize diet (Harris & Kodicek, 1950). Casein 
(Genatosan, vitamin-free) 3-5, sucrose 51-4, maize meal 40; 
salt mixture 3 (Kodicek & Carpenter, 1950), cotton-seed 
oil 2, cystine 0-1. 

Synthetic casein diet. Casein (Genatosan, vitamin-free) 18, 
sucrose 73-85, salt mixture 5, cotton-seed oil 3, cystine 0-15. 

Each kg. of diet also contained: choline chloride 2 g., 
thiamine 3 mg., riboflavin 3 mg., pyridoxin 3 mg., calcium 
D-pantothenate 20 mg., biotin 0-1 mg. 

In addition, each rat received per os, once a week, 0-5 mg. 
tocopherol acetate, 0-1 mg. 2-methyl-1:4-naphthaquinone 
and 0-1 g. Radiostoleum (British Drug Houses Ltd.) 
containing 1500 i.u. vitamin A and 300 i.u. vitamin D. 

The rats were maintained on these diets for 19 days 
during which time the deficient group on the low-protein 
maize diet gradually decreased in weight. At the end of this 
period they were transferred to metabolism cages. Two rats 
were placed in ea¢h cage and their urines were collected for 
48 hr. while they were maintained on the diets. The animals 
were then given various nicotinyl compounds, listed in 
Table 2, on palettes for 2 days and the urines were again 
collected. 


Estimation of nicotinyl compounds 


Total alkali-hydrolysable tertiary nicotinic acid deriva- 
tives, which include nicotinic acid, nicotinamide and nico- 
tinuric acid (nicotinylglycine), were estimated chemically 
according to the method of Wang & Kodicek (1943). The 
estimation of N!-methylnicotinamide was carried out by the 
method of Carpenter & Kodicek (1950). 

In view of certain differences between the chemical and 
chromatographic data, human urines (see Table 1) were also 
studied by using the microbiological procedure of Clegg, 
Kodicek & Mistry (1952). Chromatograms of the urine from 
an undosed subject (no. 2) were also tested microbiologically 
by using a technique similar to that described by Leifer, 
Langham, Nyc & Mitchell (1950). These estimations were 
kindly carried out by Miss K. M. Clegg. 


Separation of nicotinyl compounds in urines by 
paper chromatography and their estimation 


The chromatographic procedures for the separation of 
tertiary and quaternary nicotinyl compounds (Kodicek & 
Reddi, 1951) were applied to urines, and the concentrations 
of the tertiary nicotiny] substances were evaluated by visual 
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comparison of the coloured spots by a procedure similar to 
that described by Berry, Sutton, Cain & Berry (1951). 

Procedure. 10 ml. of urine were evaporated to dryness 
under reduced pressure at 55-60°. The residue was extracted 
with 1 ml. of distilled water and centrifuged. The clear 
supernatant was used for chromatographic studies, in which 
10yl. were placed on Whatman filter paper no. 1 and 
descending chromatograms were run overnight. In some 
cases, where the quantity of substance to be detected was 
very low, four spots of 10 ul. each were placed one over the 
other after drying each spot thoroughly. Pure nicotinyl 
compounds, in amounts ranging from 0-1 to 2-0 ug., were run 
on the same paper along with the urines. 

Tertiary nicotinyl compounds. For these compounds n- 
butanol saturated with water was found to be the best 
solvent system. After development, the papers were dried 
at room temperature. The dry papers were placed in a 
closed glass tank for 1 hr. at room temperature over CNBr, 
prepared according to the method of Wang & Kodicek 
(1943). They were then sprayed with 2% p-aminobenzoic 
acid (2 g. of p-aminobenzoic acid dissolved in 75 ml. 0-75n- 
HCl and made upto 100ml. with 96 % ethanol). The different 
compounds could be identified by their colours and R, 
values (Kodicek & Reddi, 1951). All the spots fluoresced 
bright yellow under ultraviolet light, and quantities as low 
as 0-1 yg. could be detected under these conditions. Since 
within a range of 0-1-2-0 yg. the area of the spots remained 
the same, the gradation of the colour intensity, especially 
when viewed in ultraviolet light, allowed a fairly accurate 
comparison with the standards. The most suitable concen- 
tration for evaluation was within the range of 0-25-0-5 yg., 
and by averaging the estimates of two independent ob- 
servers a difference of 0-1 ug. could be detected. Duplicate 
chromatograms sprayed only with the p-aminobenzoic acid 
reagent, without exposing them to CNBr, served as controls 
to eliminate non-specific colour spots which were found to be 
present both in dosed and undosed urines. In the present 
studies it was not found necessary to adjust the pH of the 
urinary concentrate to neutrality, since the Rp values of the 
metabolites corresponded well with those reported earlier on 
pure substances (Kodicek & Reddi, 1951). However, it may 
be advisable in general to control the pH of the urinary 
concentrates to eliminate the possibility of shifts of R, 
values. 

The results obtained by the above procedure are given in 
the last three columns of Tables 1 and 2. 

Quaternary nicotinyl compounds. The solvent system 
n-propanol-water (60:40) was found to be the best for 
developing chromatograms of quaternary nicotinyl com- 
pounds. The dry papers after development were placed over 
a mixture of ethyl methyl ketone and NH, (1:1) for 1 hr. in 
a closed glass tank at room temperature. The relative posi- 
tions of various compounds could be detected by their 
bluish white fluorescence, and quantities as low as 0-05 ug. 
(nicotinic acid equivalents) could be detected. 


Detection of tryptophan metabolites in urines 
of humans dosed with L-tryptophan 


Urinary concentrate (10ul.) was placed on Whatman 
filter paper no. 1 and developed in n-butanol-acetic acid- 
water (50:10:40) overnight and dried at room temperature. 
The chromatograms of urines from both dosed and undosed 
subjects were viewed under ultraviolet light and the R, 
values of the fluorescent metabolites determined (Fig. 1). 
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3-Hydroxyanthranilic acid and kynurenic acid were identi- 
fied by running pure samples on the same papers. Trypto- 
phan and kynurenine were identified by spraying with the 
p-dimethylaminobenzaldehyde reagent (0-5 g. p-dimethyl- 
aminobenzaldehyde, 1 ml. conc. HCl and 100 ml. absolute 
ethanol), and by their behaviour on exposure to vapours 
of conc. HCl (Tabone, Robert, Thomassay & Mamounas, 
1950). The R, values of other metabolites were compared 
with those reported by Dalgliesh, Knox & Neuberger (1951). 


RESULTS 
Man 


The urines from undosed subjects, collected for a 
period of 3 hr., contained 0-5—0-6 mg. of N1-methyl- 
nicotinamide, with an average of 0-53 mg. (Table 1). 
The total content of tertiary alkali-hydrolysable 
derivatives of nicotinic acid, as determined 
chemically, ranged from 0-2 to 0-3 mg. within the 
3hr. period. However, no tertiary nicotinyl 
derivatives could be detected on chromatograms. 
In view of this discrepancy, microbiological estima- 
tions were carried out on urinary concentrates 
hydrolysed with N-sodium hydroxide. The micro- 
biological values (Table 1) were much lower than 
those determined chemically, ranging from 0-04 to 
0-12 mg. of nicotinic acid/3 hr. Similar results were 
obtained when the urines were tested without a 
prior alkaline hydrolysis. 

When urine from undosed subjects, concentrated 
10 times, was chromatographed and the strips were 
analysed microbiologically for nicotinic acid 
activity, according to the procedure of Leifer e¢ al. 
(1950), the R, region corresponding to nicotinamide 
showed some activity. The concentration of nico- 
tinamide amounted to 40% of the total nicotinic 
acid derivatives as determined microbiologically. 
The rest of the activity remained at the place of 
application of the spots (40l.) and spread to a 
distance of 3 cm. from the origin. 

Dosing with nicotinic acid. After doses of 100 mg. 
nicotinic acid the excretion of alkali-hydrolysable 
nicotinic acid derivatives and of N1-methylnico- 
tinamide increased to 6-0—14-6 mg. and 2-8—5-7 mg./ 
3 hr., respectively (Table 1). The chromatographic 
results showed that the major metabolite in the 
urines was nicotinuric acid, forming 92—99 % of the 
alkali-hydrolysable derivatives; the rest could be 
accounted for by a small amount (1—4%) of nico- 
tinamide. 

There was no free nicotinic acid in the urines 
except in one subject (no. 3) who had intense 
flushing of the skin soon after the ingestion of 
nicotinic acid. This individual had, incidentally, the 
highest excretion of tertiary nicotinyl compounds 
and the lowest of N}-methylnicotinamide. The 
vasodilatory effect of nicotinic acid, especially when 
taken ante-prandially, is well known. It was of 
interest to verify whether the appearance of free 
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Excretion of nicotinyl compounds in human urines and their distribution 


Excretion (mg./3 hr.) 





- \ 
Total alkali-hydrolysable Approximate relative distribution 
nicotinic acid derivatives 


of tertiary nicotinyl compounds 
O/ \* 





N}-Methyl- determined (%) 
nicotinamide ,; A— oa - _— : 
Age determined Micro- Nicotinic ~ Nicotin- Nicotinuric 
Subject —_ (years) Dose chemically Chemically biologically acid amide acidf 
1 29 0-5 0-3 0-12 Nil Nil Nil 
2 43 ia | 0-5 0-2 0-04 Nil Nil Nil 
3 32 7 | 0-5 0-2 0-04 Nil Nil Nil 
4 20 0-6 0-2 0-06 Nil Nil Nil 
] 29 } rer 4:5 7:3 — Nil 4 96 
‘ ‘ 100 mg. nicotinic "7 se oe > 
2 43 - acid (after 3 . . ° Nil + 98 
3 32 ications | 2-8 14-6 7 1 92 
4 20 RNa) 57 8-6 Nil l 99 
1 oo | ab et. 40-3 a 10 0-5 89-5 
: : , acid (before ae we a va 
2 43 | breakfast) | 2:7 17-3 5 0-5 94-5 
1 29 16-2 1-5 Nil 100 Nil 
2 43 | 100 mg. | 16-6 1-8 ’ Nil 100 Nil 
3 32 | nicotinamide | 6-9 1-8 —- Nil 100 Nil 
4 20 15-6 0-9 cae Nil _ 100 Nil 
2 43 } 1-0 -— 0-09 Nil Nil Nil 
3 32 3 g. L-tryptophan 0-7 - 0-04 Nil Nil Nil 
4 2 | 1-0 — 0-05 Nil Nil Nil 


* Determined by paper chromatography (Kodicek & Reddi, 1951). 
+ The values for nicotinuric acid were obtained by difference. 


nicotinic acid in the urine after a dose of nicotinic 
acid was associated with flushing and the other 
vasodilatory symptoms. Therefore, two individuals 
(nos. 1 and 2), who normally did not experience 
any flushing, were given before breakfast 100 mg. 
nicotinic acid and the urines, collected for 3 hr., 
were analysed in the usual way. Both subjects 
experienced intense flushing which was more pro- 
nounced in subject no. 1. As will be seen from 
Table 1, the urinary excretion of N1-methylnicotin- 
amide did not show any appreciable change, but 
that of the tertiary nicotinyl compounds increased 
considerably, to 40-3 and 17-3 mg. respectively. In 
addition to the usual appearance of nicotinuric acid 
(89-594 %) and of nicotinamide (0-26—0-5 %), free 
nicotinic acid also appeared in the urines in amounts 
of 5-10 % of the total tertiary nicotinyl compounds 
excreted. 

Dosing with nicotinamide. After the ingestion of 
100 mg. nicotinamide, there was a large increase in 
the excretion of N}!-methylnicotinamide, which 
varied from 6-9 to 16-6 mg./3 hr. The small rise in 
the tertiary nicotinyl derivatives (0-9—1-8 mg.) was 
solely due to nicotinamide, since no other nicotinyl 
compound could be detected on the paper chro- 
matograms. 


Dosing with tryptophan. After the ingestion of 


3g. L-tryptophan, there was an increase in the 
excretion of N!-methylnicotinamide. The tertiary 
nicotiny] compounds, tested microbiologically, did 


not increase. On chromatograms tested by chemical 
means no nicotinyl compounds except N!-methyl- 
nicotinamide were observed. 

Tryptophan metabolites. When 10 times concen- 
trated urines, obtained after dosing with tryptophan, 
were chromatographed using n-butanol-acetic 
acid-water (40:10:50), a number of tryptophan 
metabolites could be identified by their fluorescence 
and also by spraying with the p-dimethylamino- 
benzaldehyde reagent (Fig. 1). Spots 4 and 6 were 
identified as kynurenic acid and 3-hydroxyanthra- 
nilic acid, respectively, by running the pure sub- 
stances side by side on the same paper. Spot 3 was 
identified as kynurenine. It corresponded to the 
spot F (kynurenine) of Dalgliesh et al. (1951). 
Spraying with p-dimethylaminobenzaldehyde pro- 
duced an orange spot (S,) which faded on exposure 
to fumes of concentrated hydrochloric acid. This 
behaviour was in keeping with the observations of 
Tabone et al. (1950). It was placed immediately 
above tryptophan (spot S,) whose yellow colour 
turned violet on exposure to concentrated hydro- 
chloric acid. The R, values of spots S, and S; in 
n-butanol-water were 0-26 and 0-28, respectively, 
which agreed well with values reported by Tabone 
et al. (1950) for kynurenine and tryptophan. 
Spots 1, 2 and 5 had R, values similar to those of 
spots C, E and I of Dalgliesh et al. (1951). 

Spot S, turned bright yellow on spraying, and 
there was no change in colour on exposure to con- 
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Identification Fluorescence 


Blue 


Blue 


Kynurenine Whitish blue 


Kynurenic acid Greenish blue 


Deep blue 


3-Hydroxyanthranilic Whitish blue 


acid 


Fig. 1. 
L-tryptophan. 
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Colour Colour ; 
(after spray) (after exposure Identification 
to HCl) 
Yellow Yellow Present in undosed 
urines 

Orange Nil Kynurenine 
Yellow Violet Tryptophan 
Yellow Nil 

Orange Nil 3-Hydroxyanthranilic 


acid 


Diagram showing the approximate R, values of tryptophan metabolites in human urines after ingestion of 
(Solvent system: n-butanol-acetic acid-water, 40:10:50.) 


(a) Fluorescent spots obtained by 


chromatographing 10 times-concentrated urines; (6) colour spots of the same after spraying with p-dimethy]l- 


aminobenzaldehyde. 


centrated hydrochloric acid. However, a similar 
spot was observed in the urines from undosed 
subjects. It cannot therefore be considered a 
metabolite derived from tryptophan. 


Rats 


It will be seen from Table 2 that rats given a 
maize diet deficient in nicotinic acid excreted a very 
small amount of N1-methylnicotinamide, nicotinic 
acid and nicotinamide, while those given an 
adequate casein diet excreted daily 0-24 mg. N}- 
methylnicotinamide and 0-04 mg. total tertiary 
nicotinyl compounds per rat. Both deficient and 
normal rats excreted nicotinic acid and nicotin- 
amide in equal proportions. 

Dosing with nicutinic acid. After dosing with 
2-5 mg. nicotinic acid, the deficient rats excreted 
37 % and the normal animals 90 % of the dose in the 
form of N}-methylnicotinamide, nicotinuric acid, 
nicotinic acid and nicotinamide. In the deficient 
animals, the major excretion products, N1-methy]- 
nicotinamide and nicotinuric acid, were in equal 
proportions, each being about 16% of the dose. 
There was a definite rise in the excretion of nicotinic 
acid, but only a small rise in nicotinamide, about 
3-5 and 0:3% of the dose respectively. In the 
normal animals, the main excretion products in 
descending order were N*-methylnicotinamide 
41%, nicotinurie acid 23 %, nicotinie acid 12-2 %, 
and nicotinamide 2-5 % of the dose (Fig. 2). As will 
be seen from Table 2, nicotinuric acid formed 81 and 
63% of the total tertiary nicotinyl compounds 
found in the urines of deficient and normal animals 
respectively. 

Dosing with nicotinamide. After dosing with 
2-5 mg. nicotinamide, the deficient and normal rats 
excreted 52 and 95% of the dose respectively. 
N'-Methylnicotinamide, nicotinamide and nicotinic 
acid, but no nicotinuric acid, could be found on the 
chromatograms. The relative distribution of the 
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tertiary nicotinyl compounds, namely nicotinamide 
and nicotinic acid, was in both groupsinaratio of 3:1 


100 Dose of 2-5 mg. 
nicotinamide 


Dose of 2:5 mg. 
nicotinic acid 


Dose excreted (%) 





Deficient Normal Deficient Normal 


Fig. 2. The percentage of ingested nicotinic acid and 
amide excreted by nicotinic acid-deficient and normal 
rats. NMN, N?!-methylnicotinamide; NA, nicotinic 
acid; NUr, nicotinuric acid; NAm, nicotinamide. 


(Table 2). The major excretion product was N?- 

methylnicotinamide, forming in the deficient group 

40% and in the normal group 70% of the dose. 
19 








weretion of nicotinyl compounds in urines of normal and deficient rats before and after dosing with nicotinic acid and related substances 
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Average daily excretion 
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nicotinic acid 


Average 
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nicotinamide 


acid 


amide 


acid 


derivatives 


Dose 


(g.) 


Diet 


Low-protein maize 


Group 
1 (deficient) 


Nil 
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0-01 
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0-42 
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0-01 
0-10 
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2-5 mg. nicotinamide 





100 mg. quinolinic acid 
100 mg. L-tryptophan 


2-5 mg. nico 
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(Harris & Kodicek, 1950) 


Nil 
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63 
Nil 


75 
14 


10 


31 
25 


27 

03 
0-57 
1-74 


1 
2 


2-5 mg. nicotinamide 
100 mg. quinolinic acid 


100 mg. L-tryptophan 


2-5 mg. nicotinic acid 


147 
210 


Nil 


86 


132 
1 


Nil 


90 


0-20 


30 


‘ 
« 


* Determined by paper chromatography (Kodicek & Reddi, 1951). 


Nicotinamide was excreted in significant amounts, 
namely 8 % of the dose in the deficient animals and 
18-6 % in the normal rats. The excretion of nicotinic 
acid was only about 2-5 and 4:6% of the dose 
respectively (Fig. 2). 

Dosing with quinolinic acid. After dosing with 
100mg. quinolinic acid the deficient animals 
showed no rise in the excretion of N1-methyl- 
nicotinamide, and an insignificant increase in the 
tertiary nicotinyl compounds. The distribution of 
nicotinic acid and amide was the same as in urine 
obtained before dosing, namely 46 and 56%. In 
the normal group the excretion of N1-methy]l- 
nicotinamide increased from 0-24 to 0-57 mg. and 
that of the tertiary nicotinyl compounds rose from 
0-04 to 0-14 mg./day/rat. This rise was mainly due 
to an increased excretion of nicotinic acid, which 
formed 86% of the total tertiary nicotinyl com- 
pounds (Table 2). 

Dosing with w-tryptophan. After dosing with 
100 mg. L-tryptophan, there was, in the deficient 
rats, a slight increase in the excretion of N!-methyl- 
nicotinamide and of tertiary nicotinyl compounds. 
A similar but more pronounced rise of these sub- 
stances was found in the normal group. The in- 
crease in the tertiary nicotinyl compounds, both in 
the deficient and normal rats, was mainly due to a 
rise in nicotinic acid, which formed in the deficient 
group 71% and in the normal rats 90% of these 
derivatives (Table 2). 


DISCUSSION 


The paper-chromatographic technique used for 
partitioning nicotinic acid derivatives, besides being 
simple and easily performed, has many advantages 
over the chemical methods employed by earlier 
workers (Melnick et al. 1940; Perlzweig et al. 1940; 
Huff & Perlzweig, 1941). Especially in the case of 
the tertiary nicotinyl compounds, the estimations 
based on K6nig’s colour reaction may be interfered 
with by unspecific colour formation in the urines 
which has to be corrected by the use of proper 
blanks. In the chromatographic procedure, one 
compares the colour of pure compounds separated 
on the chromatograms and thus eliminates errors 
due to interference by other substances. It was 
found advantageous to spray a duplicate chromato- 
gram with the p-aminobenzoic acid reagent alone, 
without the cyanogen bromide treatment, and to 
distinguish in this way several coloured non- 
specific spots which usually appear on the chromato- 
grams. One other advantage of the procedure is the 
possibility of employing it in elucidating the fate of 
ingested nicotinyl compounds in man, where one 
could not easily use radioactive substances em- 
ployed successfully in the rat (Johnson & Lin, 1951; 
Leifer et al. 1951). The method is sufficiently sensi- 
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tive to detect amounts of importance, although in 
certain cases one has to take recourse to the more 
sensitive microbiological technique (Leifer et al. 
1950), as will be discussed below. One drawback of 
the method is that it could not be used for the 
detection of N1-methyl-2-pyridone -5-carbon- 
amide which is of particular importance in human 
urines. Furthermore, the method does not detect 
quinolinic acid. 

The fluorescent procedure for detecting quater- 
nary nicotinyl compounds is highly sensitive and 
would allow the differentiation of a number of 
compounds besides N1-methylnicotinamide, should 
they appear in the urines. It is interesting that in no 
case could any other quaternary nicotinyl deriva- 
tive, such as the pyridine nucleotide coenzymes or 
N'-methylnicotinuric acid betaine, be found. 


Metabolites in normal urine 


In urine from undosed human subjects, no 
nicotinyl compound other than N1-methylnicotin- 
amide could be detected on the chromatograms. 
The high values of the total alkali-hydrolysable 
nicotinyl derivatives obtained by chemical methods 
may have been due to interfering substances which 
the blank did not correct. This is supported by the 
relatively low values found microbiologically. No 
such interference in the chemical method was found 
in the urines after dosing because of the small 
amount of urine used for assay. The analysis of 
chromatograms by the microbiological procedure 
showed the presence of a small amount of nicotin- 
amide, of the order of 0-075 yg./ml. of urine. This 
concentration was below that detectable by the 
spraying procedure. The rest of the microbiological 
activity remained at the origin of the chromato- 
grams and we were unable to identify these un- 
known active substances. Since large amounts of 
urine concentrate had to be applied to the paper to 
obtain a satisfactory microbiological response, and 
since the original spots spread to the region where 
normally nicotinuric acid appears, we could not 
eliminate the possibility of an occurrence of small 
amounts of nicotinuric acid; however, no nicotinic 
acid seemed to be present. Perlzweig etal. (1940) and 
Sarrett et al. (1942) reported the presence of small 
amounts of nicotinuric acid, while Melnick e¢ al. 
(1940) could not find any in normal urine. Ellinger 
& Kader (1949) reported the presence of both 
nicotinic acid and nicotinamide. These discrepancies 
may be due to defects inherent in chemical methods. 
In contrast to the human urines, the urines both of 
the nicotinic acid-deficient and normal rats, which 
were not given any doses, contained detectable 
amounts of nicotinic acid and nicotinamide, in 
addition to small amounts of N1-methylnicotin- 
amide. These metabolites were present in a signifi- 
cantly higher concentration in the normal group. 
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Metabolites of nicotinic acid 


The ingestion of nicotinic acid by man is followed 
within the first 3 hr. by the excretion of a glycine 
conjugate, nicotinuric acid, and of the N1-methyl- 
ated nicotinyl derivatives, of which N*-methyl- 
nicotinamide could be detected in these studies. It is 
interesting to find a small rise in the excretion of 
nicotinamide, indicating not only that amidation 
has taken place, but also that a portion of this 
metabolite is being lost to the organism. It appears 
from our results that free nicotinic acid is not a 
normal constituent in the human urine after dosing, 
but is found only under certain conditions, associ- 
ated with the known pharmacological effects of this 
compound. It seems that it is due to a sudden 
occurrence in the organism of a high concentration 
of nicotinic acid which cannot be dealt with satis- 
factorily by the normal metabolic mechanisms. The 
large excretion of nicotinic acid was particularly 
pronounced when the dose was taken on an empty 
stomach. It seems probable that the liver is mainly 
concerned with the formation of the glycine con- 
jugate, and if it cannot perform this function free 
nicotinic acid circulating in the blood causes the 
vasodilatory symptoms and is ultimately excreted 
in the urine. The appearance of free nicotinic acid in 
the urine may possibly be a test for the efficiency of 
liver function, although the effect on the vessels of 
the kidney may be a complicating factor. A distri- 
bution of metabolites similar to that in man was 
found in the rat, but in this case nicotinic acid 
appeared consistently in appreciable amounts in the 
urines. This may have been due to the relatively 
large dose administered to the animals. The 
deficient animals excreted a smaller amount of 
nicotinyl metabolites than the normal group, but 
the excretion pattern did not change. It would be of 
interest to see if similar results were obtained in 
human deficiency. 

Our results on human urines are in keeping with 
those of Holman & de Lange (1950a) who found 
that ingestion of nicotinic acid resulted in a greater 
excretion of non-methylated derivatives of nicotinic 
acid than after ingestion of nicotinamide. In either 
instance 76-80 % of the dose could be accounted for, 
when the excretion of N!-methyl-2-pyridone-5- 
carbonamide was included. The presence of free 
nicotinic acid in the urines of individuals dosed with 
nicotinic acid, was reported by Ellinger & Kader 
(1949) who, on the other hand, could not find in 
human and rat urines any nicotinuric acid which in 
our studies formed the main excretory product. 
Our results on rat urines are in good agreement 
with those of Johnson & Lin (1951) and Leifer 
et al. (1951) who fed radioactive nicotinic acid to 
rats. 


19-2 


Metabolites of nicotinamide 





The spectrum of metabolites appearing in human 
urines after dosing with nicotinamide was different 
from that found after ingestion of nicotinic acid. 
N'-Methylnicotinamide appeared to be the major 
excretion product after dosing with nicotinamide, 
but we have no data for N!-methyl-2-pyridone-5- 
carbonamide which is known to be an important 
metabolite (Knox & Grossman, 1946, 1947; 
Holman & de Lange, 1949). Of the tertiary nico- 
tinyl compounds only nicotinamide was found in 
the urine. It thus seems that no appreciable de- 
amidation occurred, sufficient to cause an excretion 
of free nicotinic acid or its glycine conjugate. Our 
results differ from those of Johnson et al. (1945) who 
found, by microbiological methods, free nicotinic 
acid in the urines. Ellinger & Kader (1949) could 
detect chemically only an increase in N!-methy]l- 
nicotinamide. Our results are based on direct 
evidence from chromatograms and are therefore 
more specific than those obtained by indirect 
methods. 

In contrast to man, both deficient and normal rats 
excreted nicotinamide and a relatively smaller 
amount of nicotinic acid as well as N-methyl- 
nicotinamide. No nicotinuric acid was found, 
suggesting that also in the rat conjugation with 
glycine does not play any role in the disposal of 
nicotinamide. Our findings are in good agreement 
with data obtained from the isotope experiments of 
Leifer et al. (1951). On the other hand, Johnson & 
Lin (1951) by tracer techniques, and Perlzweig, 
Rosen & Pearson (1950), reported the presence of 
nicotinuric acid in rat urines after dosing with 
nicotinamide. 

While only 50% of the dose of nicotinamide 
appeared in urines of deficient rats, almost the 
entire dose was recovered in the normal animals, the 
major part as N!-methylnicotinamide. Similarly, 
a higher proportion of the dose of nicotinic acid was 
excreted by the normal than the deficient group. 
It would appear that in the presence of sufficient 
dietary tryptophan the rat either has preference for 
the tryptophan-nicotinic acid conversion or the 
ingestion of nicotinyl compounds may influence 
favourably this conversion of tryptophan. This may 
be the reason why in normal rats such a high re- 
covery of the dose of nicotinic acid or amide was 
observed. This is in agreement with the findings of 
Spector (1948). 


Metabolites of L-tryptophan 


In man, after ingestion of tryptophan, an in- 
creased excretion of N!-methylnicotinamide was 
found, but not of other nicotinyl derivatives. 
Similar observations were earlier reported by 
Sarrett & Goldsmith (1947, 1949, 1950) and by 
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Sarrett (1950a). Perlzweig, Rosen, Levitas & 
Robinson (1947) observed by microbiological 


methods a small increase in the excretion of 
nicotinyl compounds. The excretion of N1-methyl-2- 
pyridone-5-carbonamide, which rises significantly 
after administration of tryptophan (Holman & de 
Lange, 19506), and of quinolinic acid, which forms 
a major excretion product in rats (Henderson, 
1949a), and in man (Sarrett, 1950a), was not 
determined since these substances could not be 
identified on paper chromatograms with the present 
procedures. 

In the rat, possibly due to its more efficient con- 
version of tryptophan to nicotinic acid, there was 
a small but definite increase in the excretion of 
nicotinic acid, while that of nicotinamide did not 
rise. This was the case both in the deficient and 
normal rats, but the latter excreted more of the 
nicotinyl metabolites than the deficient ones. The 
finding of nicotinic acid rather than the amide 
could be taken as circumstantial evidence that 
tryptophan is converted primarily into nicotinic 
acid. This is in keeping with the conclusions of 
Heidelberger, Abraham & Lepkovsky (1948, 1949) 
who showed the conversion by rats of labelled 
tryptophan into N1-methylnicotinamide. 

Sarrett (1950a, 6) found an increase in the ex- 
cretion of xanthurenic acid (4:8-dihydroxyquino- 
line carboxylic acid) in man after administration of 
tryptophan and of an ether-soluble tryptophan- 
like metabolite which seemed to be derived from 
p-tryptophan (Sarrett & Goldsmith, 1950). So far as 
we are aware, no other metabolites have been re- 
ported in the urineof humans dosed with tryptophan. 
In the present study, 3-hydroxyanthranilic acid, 
kynurenic acid and kynurenine have been found 
in the human urines. It seems, therefore, that the 
conversion of tryptophan in man follows the same 
pathway as was found for the rat (Heidelberger et al. 


— = en 


1949). An appearance of tryptophan in the urines | 


was not unexpected, but there were several other 
tryptophan metabolites which could not be definitely 
identified. It was only possible to compare them 
with published paper-chromatographic data re- 
cently reported by Dalgliesh et al. (1951) and there is 
not sufficient evidence for a definite identification. 


Metabolites of quinolinic acid 


Dosing with large amounts of quinolinic acid in 
normal rats resulted in an increased excretion of 
N}-methylnicotinamide and of nicotinic acid. This is 
in keeping with the findings of Henderson (1949a, 6) 
and would indicate that the rat can convert quino- 
linic acid into nicotinic acid. However, no such 


effect was observed in deficient rats, but the de- | 
clining growth of the rats was reversed and they 
increased in weight by 17 g. within 13 days after a | 


single dose of 100 mg. quinolinie acid. It is possible | 
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that the conversion into nicotinic acid was of such 
low order that all the vitamin was retained by the 
deficient animal and none was available for ex- 
cretion. We would agree with Krehl, Bonner & 
Yanofsky (1950) that the metabolism of quinolinic 
acid is of the order of a side reaction rather than 
forming a keystone in the nicotinic acid turnover. 


SUMMARY 


1. The excretion of metabolites by man and the 
rat after administration of nicotinic acid, nicotin- 
amide and tryptophan has been studied by paper- 
chromatographic techniques. The procedure did not 
allow for the detection of N1-methyl-2-pyridone-5- 
carbonamide. 

2. After a dose of 100 mg. nicotinic acid to man, 
the main nicotinyl metabolites in the urine were, 
in decreasing order, nicotinuric acid, N1-methy]l- 
nicotinamide and nicotinamide. Nicotinic acid 
appeared in the urine only when flushing of the skin 
and other vasodilatory symptoms occurred. In the 
rat, nicotinic acid appeared consistently in the 
urines, but otherwise the pattern of excretion 
remained the same as in man. 

3. The administration of 100 mg. nicotinamide to 
human subjects caused only an increased excretion 
of N1-methylnicotinamide and of nicotinamide. 
Rat urine contained, in addition, an increased 
amount of nicotinic acid. Nicotinuric acid was not 
excreted by either of the species. 

4. After ingestion of 3 g. L-tryptophan, human 
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urines showed an increase in the excretion of N?- 
methylnicotinamide, while rat urines had in addi- 
tion an increased output of nicotinic acid. In 
human urines, a number of tryptophan metabolites, 
namely kynurenic acid, 3-hydroxyanthranilic acid, 
kynurenine and tryptophan, were identified. 

5. Administration of 100 mg. quinolinic acid to 
normal rats resulted in an increased excretion of N?- 
methylnicotinamide and nicotinic acid, while rats 
deficient in nicotinic acid showed no such rise. 

6. The differences in the excretion patterns 
between nicotinic acid-deficient and normal rats 
after dosing with the various substances have been 
discussed. 

7. In urines from undosed human subjects, 
microbiological techniques instead of the chemical 
procedure had to be used to detect on chromato- 
grams the tertiary nicotinyl compounds because of 
the small amounts of nicotinyl derivatives present. 
The urines contained a small amount of nicotin- 
amide and of N!-methylnicotinamide. Urines from 
undosed rats, both deficient and normal, contained 
N'-methylnicotinamide, nicotinamide and nicotinic 
acid. 


We are indebted to Miss K. M. Clegg, M.Sc., for performing 
the microbiological assays. We also wish to thank Prof. H. K. 
Mitchell for the gift of kynurenic acid and 3-hydroxy- 
anthranilic acid and Dr W. I. M. Holman for kindly provid- 
ing us with nicotinuric acid. We wish to thank also Dr A. 
Neuberger, F.R.S., and Dr C. E. Dalgliesh for their valuable 
criticism. 
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The Sugar Content of Nectars 


By G. R. WYKES 
Bee Research Department, Rothamsted Experimental Station 


(Received 22 July 1952) 


Observations of the selection by honeybees of 
solutions of sugars which occur in nectar showed that 
sucrose, glucose and fructose weré not equally 
attractive to bees, which appeared to prefer a 
mixture of the three sugars (Wykes, 1952a). Few 
determinations of individual sugars present in 
different nectars have been carried out, and 
relatively large volumes were necessary for the 
analytical methods used by Beutler (1930), Vansell 
(1944) and others. However, as the flowers of most 
plants secrete nectar sparingly, such methods cannot 
be applied to investigations of nectar available 
from a wide range of honey-producing species. By 
using the technique of paper partition chromato- 
graphy it has been possible to carry out qualitative 
determinations of sugars present in nectar from 
many species (Wykes, 19526). These analyses con- 
firmed the earlier work of Beutler (1930), showing 
that sucrose, glucose and fructose, sugars readily 
accepted by honeybees (von Frisch, 1934), are 
normal constituents of nectar; they also showed 
that other sugars may occur, which is in agreement 
with the work of Taufel & Reiss (1952). During the 
summer of 1951 this technique was applied to 
quantitative investigations of nectar sugars secreted 
by flowers of some important British honey- 
producing species and others which appeared from 
the earlier qualitative work to secrete nectar of 
unusual sugar composition. 


METHODS 


At intervals during the flowering period of species studied, 
samples of nectar were gathered at random from plantsin the 
field. Shortly after collection determinations of the sugar 
content of each nectar sample were carried out as follows: 
(a) Glucose and fructose. Individual sugars were separated 
on paper chromatograms according to the general method 
of Partridge (1948), using modified methods adopted by 
Jermyn & Isherwood (1949) for quantitative analyses. 


Six spots of every nectar sample, each 2-4yl., were in- 
troduced with a micropipette (Hawthorne, 1947) 5-5 cm. 
apart on a sheet of Whatman no. | filter paper. The solvent 
was the n-butanol-acetic acid-water mixture described by 
Partridge (1948). After 72-96 hr. the chromatograms were 
removed from the tank and air-dried. Two vertical strips, 
each containing the separated component sugars of the two 
outside spots, were cut from the sides of the papers and 
sprayed with either a benzidine-trichloroacetic acid reagent 
(Bacon & Edelman, 1951), or a p-anisidine hydrochloride 
reagent (Hough, Jones & Wadman, 1950) with a few 
crystals of SnCl, added. By reference to the two guide 
strips, the four areas of paper each containing one of the 
separated sugars (glucose and fructose) were cut from the 
chromatogram. The quadruplicate papers for each sugar and 
a corresponding paper blank were refluxed (Flood, Hirst 
& Jones, 1947) and the reagents of Somogyi (1945) and 
Nelson (1944) were used for quantitative determinations 
of glucose and fructose. Because of practical limitations 
of time and equipment, no sucrose estimations were 
carried out. 

(b) Total sugars. Measurements of total sugars present in 
each sample were made with a refractometer giving sugar 
concentration, expressed as percentage sucrose, on a direct- 
reading scale. As the work of Schneller (1926), Zerban & 
Martin (1944) and others suggested that a close agreement 
exists between the refractive indices of the main constituent 
sugars of nectar, no corrections were applied to the readings. 


RESULTS 


It will be seen from Table 1 that the proportions of 
the constituent sugars varied markedly in nectar 
secreted by different species. For any one species, 
however, the figures for the ratio of fructose/ 
glucose and of (total sugars)/(fructose + glucose) 
were reasonably constant. The greatest variation in 
the fructose/glucose ratio was shown in nectar from 
mountain mint (Pycnanthemum pilosum Nutt.), but 
for this species glucose was present in amounts 
which were too small to be estimated reliably by the 
methods used. 
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Table 1. 


NECTARS 


Sugar content of nectars 


Sugar determinations 
, 
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c ~Y 
Glucose Fructose Total 
Date of (G) (F) sugars Ratio: Ratio: 
Species collection (g./100 ml.) (g./100 ml.) (g./100 ml.) F/G Total/F +G 

Sinapis alba L. 27. x. 51 9-2 8-3 17-1 0-90 0-98 
(white mustard) 7. xi. 51 6-3 5-2 11-5 0-83 1-00 
10. xi. 51 5-2 4:3 9-3 0-83 0-98 
9-5 8-3 17-6 0-87 0-99 
Rubus fruticosus L. agg. 3. viii. 51 13-5 14-2 45-4 1-05 1-64 
(blackberry) 7. viii. 51 53 5-2 15-4 0-98 1-47 
8. viii. 51 5-9 5-8 16-8 0-98 1-43 
15. viii. 51 9-2 9-3 25-2 1-01 1-36 
R. loganobaccus L. H. Bailey 3. vii. 51 10-8 10-8 21-7 1-00 1-00 
(loganberry) 5. vii. 51 25-2 25-8 51-4 1-02 1-00 
9. vii. 51 8-3 8-3 17-0 1-00 1-02 
Trifolium repens L. 12. vii. 51 12-2 14-2 39-3 1-17 1-49 
(white clover) 18. vii. 51 9-6 11-1 32-6 1-16 1-53 
2. viii. 51 7-7 9-6 25-4 1-25 1-47 
T. pratense L. 23. viii. 51 2-2 8-0 29-6 3-64 2-89 
(red clover) 15. ix. 51 0-7 2-3 83 3-29 2-75 
16. x. 51 1-5 5-1 15-9 3-40 2-41 
Tilia x vulgaris Hayne 16. vii. 51 8-3 8-3 35-0 1-00 2-11 
(common lime) 19. vii. 51 9-8 10-0 42-2 1-02 2-13 
22. vii. 51 8-9 8-8 31-0 0-99 1-75 
25. vii. 51 5:3 5-4 21-0 1-02 1-96 
Chamaenerion angustifolium (L.) Scop. 23. vii. 51 5-5 7-9 20-5 1-44 1-53 
(rosebay willow-herb) 30. vii. 51 5-9 9-3 24-6 1-59 1-62 
13. vili. 51 11-3 16-2 41-4 1-44 1-50 
23. viii. 51 5:7 8-5 18-4 1-49 1-30 
Borago officinalis L. 19. ix. 51 6-9 6-3 28-8 0-91 2-18 
(borage) 20. ix. 51 6-9 6-8 27-7 0-99 2-03 
23. ix. 51 5-7 5-3 26-1 0-93 2-37 
10. x. 51 4-0 3-8 21-6 0-95 2-77 
Lavandula spica L. 11. viii. 51 3-2 4-4 32-4 1-38 4-26 
(lavender) 26. viii. 51 2-0 2-8 24-0 1-40 5-00 
Pycnanthemum pilosum Nutt. 28. ix. 51 0-6 9-4 26-4 15-67 2-64 
(mountain mint) 1. x. 51 0-3 6-8 21-9 22-67 3°07 
3. x. 51 0-4 6-4 16-81 18-00 2-55 
5. x. 51 0-2 4-6 14-01 23-01 2-80 
Hedera helix L. 14. x. 51 8-7 2-6 11-53 0-30 1-01 
(ivy) 18. x. 51 7-6 2-5 10-4 0-33 1-03 


DISCUSSION 


The wide variation in the ratio of fructose to glucose 
in nectar secreted by flowers of the different species 
examined is of particular interest, as Dyce (1931) 
and others showed that this ratio influenced the 
tendency of honeys to granulate. Nectar from 
mustard (Sinapis alba L.) gave one of the lowest ob- 
served ratios, and honey prepared from the nectar 
of this and other Crucifers is known to granulate 
readily. Crystallization of nectar on the receptacle 
of flowers of ivy (Hedera helix L.) has often been 
attributed, after Miiller’s observations (1878), to a 
richness of the secretion. However, nectar secreted 
by this late-flowering species is often dilute ; the high 
glucose content shown by the present analyses may 
be the factor critical for rapid granulation. 


The ratios of (total sugars )/(fructose + glucose) 
show fairly close agreement with the results of other 
workers who have examined nectar secreted by the 
same or allied species, e.g. Tilia cordata Mill., Borago 
officinalis L. (Beutler, 1930), Brassica napus L. 
(Beutler, 1930; Hasler & Maurizio, 1949). Consider- 
able variation in the ratio of these sugars, however, 
was found in nectar from Eucalyptus globulus Labill. 
by Vansell (1941); and Bonnier (1878) had earlier 
stated that the proportions change with the age of 
the flower. 

The question of whether the proportions of the 
three major sugars normally remain constant in 
nectar secreted by any one species, as is suggested 
by the present exploratory work, remains the 
subject for further investigations. 





SUMMARY 


1. Sugars present in nectar secreted by twelve 
species were separated on paper chromatograms, 
and quantitative determinations of the amounts of 
glucose and fructose were made. The total sugar 
content of each sample was measured with a re- 
fractometer. 
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2. The proportions of glucose and fructose 
varied greatly in nectar from different species. 

3. For any one species, the proportions of the 
different sugars appeared to remain relatively 
constant. 

The author wishes to thank Miss E. Carlisle for helping to 
prepare the chromatograms. This work was carried out 
during the tenure of a grant from the Agricultural Research 
Council. 
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The Metabolism of Pyruvate in Bull Spermatozoa 


By D. R. MELROSE 
Ministry of Agriculture and Fisheries, Reading Cattle Breeding Centre 


AND C. TERNER 
National Institute for Research in Dairying, University of Reading 


(Received 24 April 1952) 


Although the metabolism of semen is considered 
to be predominantly glycolytic (see Mann, 1949), 
many studies of its respiratory metabolism have 
been made, some with a view to finding a correla- 
tion between respiratory activity and fertilizing 
capacity (Walton & Edwards, 1938; Gosh, Casida & 
Lardy, 1949). In such studies much attention was 
given to the magnitude of the endogenous respira- 
tion of washed spermatozoa, and where the meta- 
bolism of added substrates was studied conclusions 
regarding their fate were in most cases drawn from 
respiration measurements. In the present paper an 
investigation into the metabolism of pyruvate in 
bull spermatozoa is reported. It was suggested by 
observations made in a previous study (Terner, 
1951) that in an actively synthesizing tissue, such as 
the lactating mammary gland, pyruvate is incom- 
pletely oxidized and that its complete oxidation is 
brought about by 2:4-dinitrophenol (DNP). Since 
the latter is known to inhibit synthetic reactions 


(see Clifton, 1946, 1952) it was believed that the 
magnitude of the effect of DNP on the respiration of 
spermatozoa metabolizing pyruvate might provide 
a measure of their metabolic vigour based on their 
synthetic activity. The results of the studies now 
reported suggest that it may be possible to assess the 
quality of spermatozoa by manometric measure- 
ments under certain experimental conditions. 
A preliminary account of the work described in this 
paper has been published (Melrose & Terner, 1951, 
1952). 


EXPERIMENTAL 


Preparation of sperm suspensions. The semen of bulls of 
various dairy breeds, kept for the purpose of artificial 
insemination, was collected by the usual short pattern 
artificial vagina (Walton, 1945). All ejaculates were ex- 
amined immediately after collection for motility and sperm 
density. For the purpose of this paper no attempt was made 
to distinguish between grades of motility other than ‘good’ 
and ‘poor’. Samples were considered to be of good motility 
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when they showed 80% motile spermatozoa and an active 


wave motion. Poor samples had a high percentage of 
immotile spermatozoa and the wave motion, if present, was 
sluggish. Only samples of good motility were selected for 
manometric experiments and generally two or three 
ejaculates from the same bull were combined if satisfactory. 
The initial work was confined to bulls of known high fertility, 
but subsequently samples from bulls of lower fertility were 
also used. In most experiments the spermatozoa were 
separated from the seminal plasma by centrifugation and 
washing as described by Tosic & Walton (1950). The washed 
suspensions were again examined for motility and sperm 
density. Only samples of good motility were used. The 
final dilution of the resuspended spermatozoa or of whole 
semen was adjusted so as to give a sperm count of 2-4 x 108 
spermatozoa/ml. final suspension. In order to avoid differ- 
ences in the metabolism of pyruvate between different 
sperm suspensions, due to the possible presence or absence 
of intermediates of the citric acid cycle, 0-4 ml. of 0-2m- 
fumarate was routinely added for every 30 ml. of the final 
sperm suspension when required for aerobic experiments. 
The density of the sperm suspensions before and after the 
final dilution was determined by the Thoma haemocyto- 
meter slide method. 

Suspension media. Phosphate saline without Ca (Krebs 
& Eggleston, 1940) was the standard medium. In some 
experiments the composition of this saline was altered by 
replacing the phosphate buffer by citrate (0-066M, pH 7-3). 
This saline will be referred to as citrate saline. In some 
anaerobic experiments the spermatozoa were suspended (in 
about half the volume required for the final suspension) in 
a modified saline which contained one-third of the amount of 
the phosphate buffer of the Krebs-Eggleston phosphate 
saline. The suspension was then diluted to its final strength 
by adding 0-154m-NaHCO, and Krebs-Eggleston saline 
(without added phosphate buffer). For every 30 ml. final 
suspension, 6-2 ml. 0-154m-NaHCO, were added. This 
medium will be refeired to as low-phosphate-bicarbonate 
saline. 

Manometric measurements. Portions (3-0 ml.) of the sperm 
suspension were pipetted into conical Warburg vessels of 
approx. 25 ml. capacity. Substrates and inhibitors were 
placed in the side arms of the vessels and 0-154M-NaCl was 
added to make the total volume up to 4-0 ml. When whole 
semen of low fructose content was used, fructose was added 
to the diluted suspensions in amounts calculated to ensure 
an initial concentration of 0-0025-0-005M in the Warburg 
vessel. When the O, uptake was measured the gas phase was 
air, and CO, was absorbed by alkali. In anaerobic experi- 
ments the gas phase was either 100% N, or a mixture of 5% 
CO, +95% Ny, (v/v). Strictly anaerobic conditions were 
maintained by a stick of yellow phosphorus in the centre 
well. The substrates and inhibitors were mixed with the 
sperm suspensions either immediately before the vessels 
were placed in the thermostat at 37°, or after 10-15 min. 
equilibration. In the latter case, the incubation periods 
given in the tables do not include the equilibration periods 
before mixing. After incubation, each vessel was placed in 
iced water and 1 ml. 2N-HCl was added. Zero-time control 
flasks underwent the same treatment as the experimental 
vessels up to the moment of the start of the incubation period 
as defined above. 


Analytical methods. Pyruvate was estimated by the 


method of Friedemann & Haugen (1943) after deproteiniza- 
tion with metaphosphoric acid; lactic acid was determined 
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by the method of Barker & Summerson (1941) after de- 
proteinization with trichloroacetic acid. Fructose was 
determined according to Roe (1934) or as reducing substance 
by the method of Nelson (1944). When the changes in 
fructose content of the samples were large the two methods 
gave essentially identical results. 

Metabolic quotients. All metabolic quotients are expressed 
in the Z notation (pl./10° spermatozoa/hr.) (Redenz, 1933); 
Zuctic acia enotes the rate of lactic acid production or 
utilization as determined by chemical methods, while Zc, 
applies to rates of CO, evolution calculated from mano- 
metric pressure changes. 

Conception rates and fertility of bulls. In accordance with 
the usual practice, conception rates were calculated on the 
‘non-return’ basis, i.e. the percentage of cows and heifers 
not reported to have required a repeat insemination within 
a period of 16 weeks from the date of the first insemination. 
The average fertility of each bull was assessed from its 
breeding records for the preceding 12 months and expressed 
as percentage non-returns. 


RESULTS 

Aerobic metabolism of pyruvate in spermatozoa. In 
agreement with the findings of Lardy & Phillips 
(1943c), it was observed that the respiration of 
washed bull spermatozoa was increased by the 
addition of pyruvate. However, their observation 
that DNP (10-*m) further stimulated the respira- 
tion could only be confirmed in samples from certain 
bulls. In many cases DNP had no effect or caused 
some inhibition of oxygen consumption in the 
presence of pyruvate, although it usually stimulated 
respiration in the presence of fructose (Table 1). 
Investigation of the fate of pyruvate by chemical 
analysis revealed that pyruvate was in part con- 
verted to lactate (Table 2). Accordingly, the amount 
of pyruvate metabolized by oxidative reactions is 
given by the difference between pyruvate disap- 
pearing and lactate formed, and will be denoted as 
‘net pyruvate’ (Olson, Pearson, Miller & Stare, 
1948). DNP was found to abolish the conversion 
of pyruvate to lactate and to inhibit the rate of 
oxidative disappearance of pyruvate (Z yt pyruvate): 
In most experiments DNP increased the ratio O, 
consumed/net pyruvate, even in those samples in 
which it did not increase the respiratory rate. 
Although in some cases the ratio O,/net pyruvate 
was within the theoretical limits (less than 2-5), it 
was often found to be greater (Tables 2 and 3). This 
suggested that the endogenous respiration was in- 
completely suppressed by the presence of the added 
substrate. 

Endogenous respiration and effect of DNP. Lardy 
& Phillips (1943a@) reported —Zo, values of 16—30 
for the endogenous respiration of washed bull 
spermatozoa. In a later study, however, Gosh et al. 
(1949) found what they considered exceptionally 
low values (— Zo, = 3-10). In the present investiga- 
tion endogenous —Zp, values in the range 6—28 
were observed. The magnitude of the endogenous 
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Table 1. Effect of pyruvate, fructose and 2:4-dinitrophenol on respiration of spermatozoa 








(Washed bull spermatozoa incubated in Warburg vessels at 37°. S1, G8 and F'1 in phosphate saline, S12 in citrate { 
saline; gas, air; fumarate, 0-002M, in all vessels; pyruvate, 0-005m; fructose, 0-005mM; DNP, 10-*m. Z units, pl./108 
spermatozoa/hr.) 

Exp. no. ... ea aes 1 2 3 4 5 6 7 
Bull oes aes eae S1 S1 Sl S12 G8 G8 Fl 
y i | 
Additions -Zo, | 
y r Pas - me m arDs = 

None 4-1 6-2 6-8 7-4 20-0 28-2 5-6 

DNP 4:3 5-5 6-6 — 11-8 16-3 4-0 

Pyruvate 10-8 8-6 13-9 12-8 28-5 31-4 7-7 
Pyruvate, DNP 14-9 13-0 17-8 17-6 21:8 26-0 8-2 
Fructose 7-9 6-9 10-6 9-6 23-8 25-0 7-7 | 
Fructose, DNP 17-1 15-0 21-0 16-4 32-4 33-6 6-4 
Sperm count x 10~-8/vessel 9-76 7-30 8-58 5-88 10-58 5-80 4-77 
Incubation period (min.) 115 120 85 100 60 95 120 
} 
Table 2. Effect of 2:4-dinitrophenol on metabolism of pyruvate in spermatozoa 

(Washed spermatozoa incubated in Warburg vessels in citrate saline at 37°; gas, air; fumarate, 0-002M, in all vessels; 
pyruvate, 0-01m; DNP, 10-4m. Incubation period, 70 min. Sperm count, 15-7 x 108/vessel. Bull S1. Z units, pl./10° 
spermatozoa/hr.) 

Ratio 

Additions = Zo, x Dovravaie Zractate ms Zret pyruvate Zo5/2net pyruvate | 
None 8-1 — 0 —- —- 
None 7-7 = 0 _ — 
Pyruvate 13-4 39-8 29-8 10-0 1-3 
Pyruvate 12-6 38-6 28-0 10-6 1-2 
Pyruvate, DNP 20-0 9-4 2-7 6-7 3-0 
Pyruvate, DNP 19-7 9-3 2-7 6-6 3-0 

Table 3. Effect of fluoride and 2:4-dinitrophenol on metabolism of spermatozoa 

(Washed spermatozoa incubated in phosphate saline at 37°; gas, air; fumarate, 0-002M, in all vessels; pyruvate, 0-01 M 
in Exp. 1; 0-005m in Exp. 2; DNP, 10-‘m; fluoride, 0-02m; endogenous lactate at zero time, 1-1 x 10-*m in Exp. 1; 

1-25 x 10-*m in Exp. 2. Z units, pl./10® spermatozoa/hr.) 
Incuba- Sperm 
tion count/ Ratio 
oxp. period vessel Zo,l 
no. Bull (min.) x 10-8 Additions 7 Zo, =2 pyruvate Z lactate ~ Z net pyruvate “ net pyruvate 
1 F5 45 9-7 None 18-1 —_— -65 ~- - 
Pyruvate 25-9 45-6 +24-0 21-6 1-2 
f Pyruvate, DNP 25-8 8-0 +0-6 7-4 3-5 
Fluoride 4-2 -— — 5-4 — — ! 
Fluoride, pyruvate 6-0 31-8 + 24-0 7:8 0-8 
Fluoride, pyruvate, DNP 11-3 7-4 +1-9 55 21 
2 F4 110 7-92 None 11-7 — -4:3 _ — 
Pyruvate 21-0 30-8 + 14-6 16-2 1:3 | 

Pyruvate, DNP 19-2 6-1 -—0-4 6-5 3-0 

Fluoride 4:3 — — 2-6 — —- 
Fluoride 4-0 - — 2-3 _— — : 

Fluoride, pyruvate 5-1 24-7 + 16-0 8-7 0-6 
Fluoride, pyruvate 5-2 25-8 +16°5 9-3 0-6 
Fluoride, pyruvate, DNP_ 11-4 7-4 +2-3 5-1 2-2 
Fluoride, pyruvate, DNP 12-1 8-0 +2°5 55 2-2 
( 
respiration appeared to be relatively constant in a Effect of fluoride on metabolism of spermatozoa. 
number of samples collected from the same bull at Fluoride, which had been used to depress the é 
different times. Lardy & Phillips (1943c) found that endogenous respiration of mammary gland slices { 
DNP depressed the endogenous respiration. Inthe (Terner, 1951), was found to be equally effective 
present experiments the endogenous respiration in spermatozoa. Although the rate of pyruvate ‘ 


was depressed by DNP only when it was high, but utilization (Zy,puvate) Was decreased by 0-02M- 
was almost unaffected when it was low (Table 1). fluoride, Zinctic acia WAS not affected. Fluoride j 


iin 
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therefore had an inhibitory effect on the rate of 
oxidative removal of pyruvate (Z yet pyruvate)- The 
respiratory rate in the presence of pyruvate was 
also depressed by fluoride, but DNP now caused 
stimulation of respiration also in those samples in 
which, without fluoride, it was inhibitory or without 
effect (Table 3). 

In a study of the effects of inhibitors on the meta- 
bolism of spermatozoa, Lardy & Phillips (19436) 
observed that 0-01M-fluoride caused almost com- 
plete inhibition of the endogenous respiration 
(—Zo,<1). In the present experiments the level of 
endogenous respiration in the presence of 0-02m- 
fluoride was much higher (—Zp,=4-10). This 
discrepancy is possibly due to different techniques 
in the use of fluoride. In all experiments reported in 
this paper fluoride was placed in the side arm of the 
Warburg vessel and its addition to the spermatozoa 
was delayed until zero time (see Potter, 1947). 

Metabolism of lactic acid in spermatozoa. Lardy & 
Phillips (1943c, 1945) observed that DNP stimu- 
lated the respiration of washed spermatozoa in the 
presence of lactate, and that, in the presence of 
lactate alone, the respiration was lower than the 
endogenous respiration. Table 4 shows that although 


Table 4. Effect of 2:4-dinitrophenol on metabolism 
of lactate in bull spermatozoa 


(Washed spermatozoa incubated in phosphate saline at 
37°; gas, air. Fumarate 0-002M and fluoride 0-02™ in all 
vessels DNP, 10-‘m. Sperm count, 6-44 x 108/vessel. 
Incubation period, 70min. Endogenous lactate at zero 
time, 5 x 10-4m. Bull F4. Z units, pl./10° spermatozoa/hr.) 





DL-Lactate -Zo, 
added - 

(M) Without DNP With DNP 
Nil 6-4 5-1 
0-00125 58 12-0 
0-0025 6-2 14-] 
0-005 10-6 18-7 


lactate in low concentrations depressed the endo- 
genous — Zo, in the presence of fluoride, higher con- 
centrations increased the oxygen consumption. 
DNP did not stimulate the respiration in the 
presence of very low concentrations of lactate, but 
its effect increased with increasing concentrations of 
lactic acid. Since only t-lactate is metabolized by 
spermatozoa (Lardy, Hansen & Phillips, 1945) the 
minimum concentration of L-lactic acid which 
caused increased respiration of spermatozoa in the 
presence of fluoride was between 0-002 and 0-003M, 
while DNP produced stimulation of respiration in 
the presence of L-lactic acid in a concentration as 
low as 0-001mM. Chemical estimations showed that 
amounts of lactic acid (approx. 


even smaller 


5 x 10-4m), which were often present in suspensions 
of washed spermatozoa, were metabolized during 
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incubation in the absence of added substrates. Their 
oxidation may therefore have contributed to the 
‘endogenous’ respiration (see Discussion). On the 
other hand, well-washed sperm suspensions, con- 
taining only traces of lactic acid which were not 
utilized during incubation, sometimes respired at 
relatively high rates (— Zo, up to 10) in the presence 
of fluoride. When lactic acid was present as the only 
substrate in sufficiently high concentration (0-005mM), 
its disappearance was accelerated by DNP (Table 9, 
Exp. 1). 

Aerobic glycolysis in spermatozoa. Fructose, 
which has been shown by Mann (1946) to be the 
carbohydrate present in seminal plasma, was added 
to washed spermatozoa when the breakdown of 
carbohydrate was studied. Although in the 
presence of fructose — Zp», was generally somewhat 
lower than in the presence of pyruvate, DNP always, 
except in some samples of poor respiratory activity, 
accelerated the rates of respiration, fructose dis- 
appearance and lactic acid formation (Tables | 
and 6; see also Lardy & Phillips, 1943c). When 
pyruvate was added to spermatozoa metabolizing 
fructose it rarely increased, and often decreased 
— Z,,, and had no effect on the rate of disappearance 
of fructose. Zyj,ctate WaS, however, increased, the 
extra lactate apparently being derived from the 
added pyruvate. The acceleration by DNP in the 
presence of fructose alone of the rates of respiration 
and fructose breakdown was often suppressed by 
added pyruvate (Table 5). 

In experiments in which fluoride was added to 
make the rate of pyruvate formation a factor limit- 
ing the rate of glycolysis, the addition of pyruvate 
did not restore the reduced rate of fructose break- 
down, although the rate of lactic acid formation was 
increased (Tables 5-7). In the presence of 0-01M- 
fluoride, the extra lactate formed corresponded to 
the amount of pyruvate disappearing (Table 5, 
vessels 4 and 5; Table 6, vessels 6 and 7). More 
lactate was formed from pyruvate + fructose in the 
presence of 0-01M-fluoride than from pyruvate 
alone (Table 6, vessels 2 and 7). It thus appears that, 
when the formation of pyruvate by glycolytic 
reactions is inhibited, added pyruvate takes part in 
the oxidation-reduction reaction of glycolysis. When 
however, glycolysis is almost completely abolished 
by 0:02m-fluoride, added pyruvate is metabolized 
as in the absence of carbohydrate (Table 7, vessels 
4and 6). On the other hand, the inhibition by DNP 
of the formation of lactic acid from pyruvate 
appeared to be partly reversed when fructose was 
present (Table 6, vessels 3 and 8; Table 7, vessels 
5 and 7). Since Z,,,uvate WaS not increased, the 
extra lactate must have been derived from fructose 
via the oxidation-reduction step of glycolysis 
(Tables 5-7). Similar observations were made under 
anaerobic conditions (Table 7, vessels 8 and 9). 
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Table 5. Effect of pyruvate and DNP on aerobic metabolism of whole semen 


(Whole semen diluted with phosphate saline incubated at 37°; gas, air. Fructose at zero time (0-0025—0-005m) and 
fumarate (0-002M) in all vessels; pyruvate, 0-005mM; DNP, 10-4; fluoride, 0-01m. Incubation period: Exp. 1, 80 min.; 
Exps. 2 and 3, 60 min. Sperm count: Exp. 1, 7-26 x 10°; Exp. 2, 10-18 x 10*; Exp. 3, 8-36 x 108/vessel. Bull, /5. Z units, 
pl./108 spermatozoa/hr.) 


Exp. Vessel 
no. no. Additions -Zo, — Z sructose ee eae Z ractate 
] 1 None 15-0 20-8 — 29-8 
2 Pyruvate 18-8 20-6 16-6 36-5 
3 Pyruvate, DNP 14-5 32-0 12-7 52-4 
+ Fluoride 9-9 5-0 — 0-4 
5 Fluoride, pyruvate 8-5 8-9 12-7 14-3 
6 Fluoride, pyruvate, DNP 8-2 9-4 10-2 17-2 
2 1 None 28-2 15-4 — 25-6 
2 Pyruvate 25-6 15-2 33-7 47-8 
3 Pyruvate, DNP 32°3 15-2 15-6 36-5 
3 ] None 33-0 14-1 _ - 
2 Pyruvate 15-3 14-4 25-0 — 
3 Pyruvate, DNP 21-0 16-3 10-5 


Table 6. Metabolism of fructose and pyruvate in bull spermatozoa 


(Washed spermatozoa incubated in phosphate saline at 37°; gas, air in vessels 1-8; N, in vessel 4. Fumarate (0-002) 
in all vessels. Pyruvate, 0-005M; fructose, 0-005m; DNP, 10-4; fluoride, 0-01m. Incubation period, 110 min. Sperm 


count, 7-5 x 108/vessel. Bull, G8. Fructose estimated by method of Nelson (1944). Z units, ul./10° spermatozoa/hr.) 
Vessel 

no. Additions -Zo, = teint — Mwravate Z ractate } 
] None 10-0 - — 0 
2 Pyruvate 31-4 33-0 19-8 

3 Pyruvate, DNP 24-5 — 9-2 1-5 | 
4 Fructose 26-5 31-2 — 41-4 

5 Fructose, DNP 40-5 37-6 _ 52-6 

6 Fructose, fluoride 21-6 17-4 _- 8-2 

7 Fructose, pyruvate, fluoride 23-0 18-0 33-0 41-6 i 
8 Fructose, pyruvate, fluoride, DNP 20-8 - 20-9 8-0 28-2 
9 Fructose (anaerobic) _- 37-5 —- 65-5 } 


Table 7. Effect of pyruvate and fluoride on glycolysis in spermatozoa 


(Washed spermatozoa incubated at 37°. Fumarate (0-002M) and fluoride (0-02M) in all vessels; pyruvate, 0-01™; 
fructose, 0-005mM; DNP, 10-*m. Aerobic exp., phosphate saline; gas, air. Anaerobic exp., low phosphate-bicarbonate 
saline; gas, 5% CO,+95% N,. Sperm count, 7-2 x 108/vessel. Incubation period, 100 min. Endogenous lactate at zero 


\ time, 5-9 x 10-4m. Fructose estimated by method of Nelson (1944). 23%, not corrected for retention of CO,. Bull, G8. 
Z units, pl./108 spermatozoa/hr.) I 
Vessel Experimental 

no. Additions conditions -Zo, Zi, —Witrahoes  —Liceemeate Ziactate 

1 None Aerobic 7:7 — — — 0 

2 Fructose Aerobic 7-5 — 0 _- 0 

3 Fructose, DNP Aerobic 10-9 — 2-0 — 3-6 

4 Pyruvate Aerobic 11-9 — — 45-4 36-1 

5 Pyruvate, DNP Aerobic 20-8 — — 13-3 3°3 

6 Fructose, pyruvate Aerobic 13-9 - 4:3 42-0 36-0 

7 Fructose, pyruvate, DNP Aerobic 16-3 - 5-0 13-3 11-0 

8 Pyruvate Anaerobic —_— 12-4 — 23-8 13-3 

9 Fructose, pyruvate Anaerobic —_ 20-0 5:0 28-1 24-2 


Anaerobic metabolism of pyruvate in spermatozoa. This suggests that pyruvate undergoes dismutation 
In order to investigate the mechanism of the forma- according to the equation 


tion of lactate from pyruvate, washed spermatozoa 2CH,COCOOH = CH,CHOHCOOH 

were incubated with pyruvate and fluoride under CO,+CH.COOH, (1 
strictly anaerobic conditions. It was found that wen een > (1) 
approximately 1 mole of carbon dioxide and 1 mole a reaction which has been shown to occur under 
of lactate were produced from 2 moles of pyruvate. anaerobic conditions in animal tissues and in 
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Table 8. Aerobic and anaerobic metabolism of pyruvate in bull spermatozoa 


(Washed spermatozoa incubated in low phosphate-bicarbonate saline at 37°; gas, 5% CO,+95% O, or 5% CO, +95% 
N,. Fluoride, 0-02m, added to all flasks. Pyruvate, 0-01m; DNP, 10-*m. Incubation period, 80 min. Sperm count, 
8-0 x 108/vessel. Z§3, not corrected for retention of CO,. Bull, F4. Z units, yl./10® spermatozoa/hr.) 


Experimental 

Additions conditions 
None Aerobic 
Pyruvate Aerobic 
Pyruvate, DNP Aerobic 
None Anaerobic 
Pyruvate Anaerobic 
Pyruvate, DNP Anaerobic 


Table 9. 


Z Obs -Z pyruvate Z lactate 
— 19-7 11-0 
— 9-5 4-8 
2-1 — 0-3 

16-8 40-3 23-0 
53 5-9 6-0 


Metabolism of spermatozoa in the presence of fluoride 


(Washed spermatozoa incubated in phosphate saline at 37°; gas, air; fumarate, 0-002 and fluoride, 0-02m in all vessels; 
pyruvate, 0-01m; DNP, 10-4m. Endogenous lactate at zero time, 1-6 x 10-*M. Z units, pl./10® spermatozoa/hr.) 


Incu- Sperm 
bation count/ 
Exp. period vessel 
no. Bull (min.) x10-8 Additions 
1 G2 90 10-2 None 
Pyruvate 
Pyruvate, DNP 
DL-Lactate (0-005 m) 
DL-Lactate (0-005m), DNP 
2 G2 90 8-04 None 
Pyruvate 
Pyruvate, DNP 
3 G2 120 9-1 None 
Pyruvate 
Pyruvate, DNP 
4 S10 110 8-64 None 
Pyruvate 
Pyruvate, DNP 
5 G8 90 11-7. None 
Pyruvate 
Pyruvate, DNP 
6 G8 100 7-2. None 
Pyruvate 


Pyruvate, DNP 


bacteria (Krebs & Johnson, 1937; Krebs, 1937). Both 
the production of carbon dioxide and the formation 
of lactate were strongly inhibited by DNP (Table 8). 
An inhibitory effect of DNP on this reaction does 
not appear to have been reported previously. It 
seems probable that the formation of lactate from 
pyruvate under aerobic conditions is also due largely 
to the dismutation of pyruvate. Since, under aerobic 
conditions, Z jsctic acig WAS Often greater than one-half 
Z pyruvates Other reactions resulting in the reduction 
of pyruvate may also be involved. 

Effect of substrates and inhibitors on motility. The 
findings of Lardy, Winchester & Phillips (1945) that 
the motility of ram spermatozoa was maintained 
during incubation with pyruvate and DNP were 
confirmed for bull sperm. It was further observed 
that the spermatozoa were motile after incubation 
with fluoride in the presence of pyruvate or pyruvate 
+DNP, although in the presence of fluoride alone 
their motility was greatly diminished. 


Ratio 
O,/substrate 
~ Zo, = Ei eeicai Z iactate -Z net pyruvate oxidized 
8-6 ik -1-7 oe ~ 
14-1] 30-5 +23-4 7-1 2-0 
16-0 12-5 +4-4 8-1 2-0 
8-3 — -3-0 = 2-8 
17-9 -5-9 one 3-0 
5:2 - 0 os ee 
14-1 17-8 +11-5 6-3 2-2 
13-9 10-0 +38 6-2 2-2 
6-0 na -1-7 ae “ 
9-1 12-8 +9-0 3°8 2-4 
8-2 7-0 +3-6 3-4 2-4 
7-0 = +02 = _ 
16-3 31-2 +24-0 7-2 2-3 
20-4 13-2 +4-8 8-4 2-4 
4-9 wots —1-7 ac — 
11-5 38-7 + 29-6 9-1 1-3 
14-9 7-4 +1-2 6-2 2-2 
17 0 we spe cone 
11-9 45-4 +37-1 8-3 1-4 
20-8 13-3 +43 9-0 2-3 


Endogenous respiration and fertility. Previous 
attempts to assess the fertilizing capacity of bull 
spermatozoa on the basis of their endogenous respir- 
ation have not been successful (see, for example, 
Gosh et al. 1949). No correlation between endo- 
genous respiration and fertility was found in the 
present study. 

Metabolism of pyruvate and semen quality. When 
spermatozoa of good motility, obtained from bulls 
of high and of low fertility, were incubated in the 
presence of fluoride, certain differences in their 
respiratory response to pyruvate and to DNP were 
observed. Four groups could be distinguished : 

A. The respiratory rate in the presence of pyru- 
vate was low, often only very little above the endo- 
genous level; DNP caused large increases in oxygen 
consumption, often exceeding 100%. 

B. The rate of respiration in the presence of 
pyruvate was about twice the endogenous level or 
higher, and DNP caused little or no further increase. 








C. The respiratory rate in the presence of pyru- 
vate was intermediate between the endogenous level 
and the level in the presence of pyruvate + DNP. 

D. Both pyruvate and pyruvate +DNP caused 
only little stimulation of respiration. In a few 
experiments the endogenous respiration was ex- 
ceptionally low and the addition of pyruvate and of 
DNP was without effect. 


Pyruvate+ 


25 


—_ —_ nN 
oO w Oo 


O, uptake (1./10° spermatozoa) 


w 





0 20 38630 40 50 60 70 80 
Time (min.) 

Fig. 1. Respiratory response of spermatozoa to pyruvate 
and DNP in presence of fluoride. Experimental conditions 
as in Table 9. Respiration in presence of pyruvate (A, 
B, C) shown in relation to endogenous respiration and 
respiration in presence of pyruvate +DNP (diagram- 
matic). A, good; B, poor; C, intermediate effect. 


In a number of experiments representative of 
each group the changes in pyruvate and lactate 
content of the samples were determined. The 
results showed that spermatozoa of type A meta- 
bolized pyruvate with a low O,/net pyruvate ratio 
(<1), which was, however, increased by DNP to 
2-0-2-5 (Table 3). Samples of type A were of 
excellent initial motility and their donors had 
exceptionally good fertility records. Samples of 
type B were shown to oxidize pyruvate with high 
O,/net pyruvate ratios, i.e. to completion, even in 
the absence of DNP (Table 9, Exps. 1, 2 and 4). 
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Although those samples were of good motility, the 
fertility of their donors was known to be poor. 
Spermatozoa of type C showed intermediate O,/net 
pyruvate ratios (Table 9, Exps. 5and 6). Insamples of 
type D pyruvate was metabolized at slow rates and 
with high O,/net pyruvate ratios (Table 9, Exp. 3). 

Samples of semen from all bulls in our Artificial 
Insemination Centre, the breeding records of which 
were known, were therefore subjected to the mano- 
metric test. The oxygen consumption was followed 
for 60-120 min. during which time the rates of 
respiration were almost linear. Fig. 1 shows 
diagrammatically the three principal types of 
respiratory response. 

The summarized results of respiration measure- 
ments of samples of semen tabulated against the 
breeding records of the donors are shown in Table 10. 
Dividing lines were chosen corresponding to the 
fertility ratings of 65 and 55 % so as to set apart the 
groups of bulls with outstanding breeding records 
and those of exceptionally poor fertility. In these 
groups a good correlation is shown between the 
results of the manometric tests and the fertility level 
of the bulls. The relationship is not so clearly shown 
in the intermediate group; this may be due to the 
fact that the transition of groups A and B is gradual 
and not easily defined, so that some samples of the 
extreme groups may have been included in group C. 


DISCUSSION 


Endogenous and substrate respiration. It has been 
pointed out by Mann (1949) that ‘before the respira- 
tion of washed sperm suspensions can be declared a 
wholly endogenous process, proof must be offered 
first that the washing procedure has removed from 
ejaculated spermatozoa all extraneous material 
such as, for example, fructose’. In fact, in some 
experiments with washed spermatozoa traces of 
fructose could be detected in the zero-time control 
samples and in those cases small amounts of lactic 
acid sometimes accumulated during the incubation 
period. Nevertheless, it is doubtful whether the 
oxidation of fructose when present in very low 
concentration contributes materially to the respira- 


Table 10. Metabolic response of bull spermatozoa in relation to the fertility of the donors 


(At least three samples of semen from each bull were tested, except in four cases.) 


Average fertility of 
bulls (expressed as 


°% non-returns at No. of 

16 weeks after No. of samples 

insemination) bulls tested 
Over 65 3 ll 
55-65 8 22 
Less than 55 5 27 
16 60 


Type of metabolic response 





= = \ 


C 


Good Intermediate Poor 
(A) (C) (B, D) 
9 3 0 
7 8 7 
4 2 21 
20 12 28 


x? =27-4 (4 d.f.) P<0-001. 
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tion. It has been found by Lardy & Phillips (1943c), 
and confirmed in the present work, that DNP 
inhibits the endogenous respiration but stimulates 
the respiration in the presence of carbohydrate 
(Table 1). It thus appears unlikely that a high 
endogenous respiration which is inhibited by DNP 
can be attributed to the incomplete removal of 
fructose. 

In the presence of fluoride the endogenous respira- 
tion was much reduced and the question arises 
whether the residual respiration was due wholly or 
partly to the oxidation of small amounts of lactate 
which were usually present. When the endogenous 
respiration was higher than the oxygen uptake 
calculated for the complete oxidation of the lactate 
disappearing, the respiration must have been 
partly supported by the oxidation of other endo- 
genous substrates. When, however, fluoride was 
added, the residual respiration was often insufficient 
to allow for the complete oxidation of the lactate 
disappearing. This is illustrated by one experiment 
in which some lactate had remained in the washed 
sample (Table 3, Exp. 1); the addition of fluoride 
reduced the endogenous — Zo, by about 80%, while 
—Zinctic acia WAS almost unaltered. If it is assumed 
that the same amount of oxygen is utilized for the 
oxidation of equal amounts of lactate in the presence 
and absence of fluoride, then the low Zo,/Ziactate 
ratio in the presence of fluoride suggests that lactate 
was incompletely oxidized and that the high 
respiration in the absence of fluoride was largely due 
to the utilization of other substrates besides lactate. 
However, the possibility that in the absence of 
fluoride the breakduwn of small amounts of fructose 
to lactic acid may reduce the apparent rate of 
disappearance of lactic acid cannot be entirely ruled 
out. On the other hand, the respiration of washed 
spermatozoa in the presence of fluoride was some- 
times relatively high when only traces of lactic acid, 
not utilized during incubation, were present. In 
those cases the endogenous respiration must be 
attributed to other endogenous substrates. Since 
lactate, when added in relatively low concentration, 
is metabolized without causing an increased oxygen 
consumption, it must be concluded that the utiliza- 
tion of the added substrate suppresses the utilization 
of the endogenous reserves. In fact added lactic 
acid may, under certain conditions, depress the 
endogenous respiration (Table 4). 

It may therefore be assumed that pyruvate also 
is utilized in preference to endogenous substrates 
(see Krebs & Eggleston, 1940). This would justify 
the calculation of the O,/net pyruvate ratios ob- 
served in the presence of fluoride on the basis of the 
total oxygen consumption. In the absence of 


fluoride, however, those ratios are often high and 
the endogenous respiration can be only partly 
suppressed by the substrate respiration. 
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Effect of fluoride on sperm metabolism. According 
to Lardy & Phillips (194la, 6b) phospholipins are 
the endogenous substrates of bull spermatozoa. 
Fluoride has been shown to be an inhibitor of the 
oxidation of fatty acids in the liver (Jowett & 
Quastel, 1935), and it is possible that it also inhibits 
the oxidation of phospholipins. However, part of 
the endogenous respiration is resistant to this 
inhibitor. The fact that fluoride also decreases the 
rate of oxidative disappearance of pyruvate sug- 
gests that it may suppress a pathway of pyruvate 
metabolism. Since the addition of either DNP or 
fluoride alone depresses Zye¢ pyruvate tO approxi- 
mately the same extent and since the effect of the 
two inhibitors is not additive (Table 3), it is possible 
that the same pathway of pyruvate metabolism is 
affected. Thus, by the use of fluoride, experimental 
conditions are established in which approximately 
equal amounts of pyruvate are metabolized in the 
presence and absence of DNP. 

Effect of DNP on sperm metabolism. From the 
observation that DNP increased the respiration of 
spermatozoa metabolizing glucose, lactate or 
pyruvate, Lardy, Hansen & Phillips (1945) con- 
cluded ‘that the preliminary dehydrogenations as 
well as the subsequent decarboxylative dehydro- 
genations are accelerated by DNP’. Analytical data 
reported in the present communication show that 
although DNP stimulates the rate of disappearance 
of fructose and of lactate, it does not accelerate, but 
in the absence of fluoride strongly inhibits, the rate 
of oxidative disappearance of pyruvate. In sperm 
suspensions with a high endogenous respiration, the 
oxygen consumption on addition of pyruvate 
represents the sum of the incompletely suppressed 
endogenous respiration and the respiration due to 
the oxidation of the pyruvate. In such samples the 
effect of DNP appears to be the resultant of its 
inhibitory effects on the endogenous respiration 
(see Table 1), its inhibitory effect on part of the 
oxidative metabolism of pyruvate (see Table 3), and 
its stimulating effect on the respiration associated 
with the residual part of the oxidative metabolism 
of pyruvate. As shown above, the inhibitory effects 
of DNP are also produced by fluoride; in the 
presence of fluoride the system is therefore consider- 
ably simplified, with the result that the rate of 
respiration can now be compared with the rate of 
substrate oxidation both in the absence and presence 
of DNP. Since, under these conditions, Z ,.¢ pyruvate 
is not increased by DNP, an increased oxygen 
consumption must be attributed to the more com- 
plete oxidation in the presence of DNP of that 
fraction of pyruvate which is not reduced to lactic 
acid. The incomplete oxidation of the substrate 
has been taken to indicate its partial utilization 
in synthetic reactions in micro-organisms (see 
Clifton, 1952) and inmammary gland tissue (Terner, 
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1951). Similar conclusions may be drawn regarding 
the metabolism of spermatozoa. 

Lactic acid formation and glycolysis. It has been 
shown in the present paper that lactic acid can be 
formed by spermatozoa under aerobic and anaerobic 
conditions not only as a result of carbohydrate 
breakdown, but also from pyruvate in the absence of 
carbohydrate. In the latter case, lactic acid is 
formed by a reaction which appears in the main to 
involve a dismutation between two molecules of 
pyruvate. It has been found that on addition of 
pyruvate to sperm suspensions incubated with 
fructose in the absence or presence of fluoride the 
rate of breakdown of carbohydrate was not acceler- 
ated, while the rate of lactic acid accumulation was 
increased, apparently at the expense of the added 
pyruvate. Since the formation of lactate by the 
dismutation of pyruvate is accompanied by the 
evolution of an equivalent amount of carbon 
dioxide, conclusions regarding the effect of pyruvate 
on the metabolism of carbohydrate in spermatozoa 
cannot be based on either manometric or chemical 
estimation of lactic acid. It has been reported by 
other workers that the addition of pyruvate restores 
the glycolysis of spermatozoa poisoned with 
fluoride (Lardy & Phillips, 19436). Table 6 shows 
that this does not necessarily follow. 

Pyruvate metabolism and semen quality. Although 
other factors outside the scope of this paper play a 
large part in determining fertility, it seems to be 
generally recognized that the metabolic vigour of 
the spermatozoa is an important property in relation 
to their capacity for survival and fertilization (see 
Mann, 1949). The experimental system described 
provides conditions in which certain metabolic 
properties of spermatozoa can be tested. DNP, 
which is known to inhibit synthetic reactions in 
bacteria (Clifton, 1946) and to abolish oxidative 
phosphorylation (Loomis & Lipmann, 1948), is 
believed to cause increased oxygen consumption 
owing to the inhibition of the utilization of pyruvate 
in synthetic reactions resulting in the more complete 
combustion of the substrate (see Terner, 1951). It 
may be expected that the viability of spermatozoa 
which are capable of carrying out synthetic re- 
actions in vitro will be greater than that of sper- 
matozoa whose metabolism is mainly catabolic. 
Measurements of respiration and substrate utiliza- 
tion show that samples of spermatozoa do, in fact, 
differ in oxidizing pyruvate either with low O,/ 
pyruvate ratios, consistent with incomplete oxida- 
tion of the substrate, or with high O,/pyruvate 
ratios, indicating the complete oxidation of the 


substrate. Some data have been presented sug- 


gesting that there is a correlation between the 
metabolic behaviour of semen in 
breeding history of the donor. 

It should be pointed out that since the observed 


vitro and the 
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metabolic rates represent the mean of the metabolic 
activities of a large number of spermatozoa, samples 
classified as poor may yet contain a small proportion 
of spermatozoa of good quality and under favourable 
conditions effect fertilization. In fact none of the 
bulls tested was completely sterile, but those of an 
average fertility of less than 55 % are considered of 
little value as donors of semen for artificial insemina- 
tion. Our experience suggests that the test may 
prove its usefulness in helping to detect bulls which 
produce semen of exceptionally high quality (type 
A), and also of semen of poor fertilizing capacity 
(types B and D), which because of its good appear- 
ance and motility, might otherwise be considered 
satisfactory. The test may also be used for periodic 
check on the quality of semen produced by bulls 
of fluctuating fertility. It may, however, not be 
expected to apply in cases where infertility is due to 
pathological or genetic causes. 

Although our work had to be confined to the 
relatively small number of bulls available to us, the 
results appear to be promising enough to merit 
further investigation. Since it may not be possible 
for us to submit the test to trials on a larger scale in 
the near future, our results are reported at the 
present stage in order to make them available to 
other workers. 


SUMMARY 


1. The metabolism of pyruvate in bull sperma- 
tozoa has been studied. 

2. The endogenous respiration of washed sperma- 
tozoa of good motility from different bulls varied 
from — Zp, 6-28. Fluoride (0-02m) and 10-+m-2:4- 
dinitrophenol (DNP) inhibited the endogenous 
respiration, especially when this was high. 

3. In samples with low endogenous respiration, 
2:4-dinitrophenol (DNP) in the presence of pyruvate 
increased the oxygen consumption despite some 
inhibition of pyruvate utilization. In samples with 
high endogenous respiration, DN P did not stimulate 
the respiration in the presence of pyruvate and 
strongly inhibited the oxidative removal of 
pyruvate. Fluoride inhibited the endogenous 
respiration and the oxidative removal of pyruvate 


to approximately the same extent as DNP. 
The effects of the two inhibitors were not 


additive. 

4. In the presence of fluoride and pyruvate, DNP 
stimulated the respiration of certain samples in 
which, without fluoride, it was inhibitory Chemical 
analysis showed that these samples oxidized pyru- 
vate with low O,/net pyruvate ratios (<1) (net 
pyruvate = pyruvate utilized —lactate formed) and 
that DNP increased these ratios to 2-0—2-5. Other 
samples metabolized pyruvate with higher O,/net 
pyruvate ratios, which in some cases approached 
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2-5, and DNP caused a smaller or no further increase 
of respiration. 

5. When sixty sperm samples of good motility 
from sixteen bulls were tested in the presence of 
fluoride, it was found that they could be grouped 
according to the type of their respiratory response 
to pyruvate and pyruvate+DNP. A correlation 
appeared to exist between the metabolic behaviour 
of sperm samples under the experimental conditions 
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described and the fertility of their donors as com- 
puted from their breeding record in artificial 
insemination. 


We wish to thank Dr S. J. Folley, F.R.S., and Mr D. L. 
Stewart, M.R.C.V.S., for their interest in this work, Miss 
Zena D. Hosking for the statistical analysis, and Mr M. 
Lyczynski for assistance in the preparation and counting of 
sperm samples. 
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An Effect of Bicarbonate on the Oxidation of Pyruvate 
by Kidney Homogenates 


By W. BARTLEY 
Medical Research Council Unit for Research in Cell Metabolism, 
Department of Biochemistry, University of Sheffield 


(Received 2 May 1952) 


Mitochondria! preparations from mammalian 
kidney, as Green, Loomis & Auerbach (1948) have 
shown, are capable of oxidizing pyruvate to comple- 
tion and this reaction can be coupled with the phos- 
phorylation of adenosinemonophosphate (AMP) 
or adenosinediphosphate (ADP). Experiments 
reported in this paper show that the oxidation of 
pyruvate stops under some conditions at the level 
of acetate. The factors that control complete and 
partial oxidation were investigated in detail because 
an experimental separation of the various steps of 
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pyruvate oxidation is necessary in studies of the 
quantitative aspects of oxidative phosphorylation, 
a problem to be dealt with in a subsequent paper. 


EXPERIMENTAL 


Collection of material. In the first experiments abattoir 
material was collected under ice and water. Later it was 
found that placing the tissue in a mixture of liquid and 
frozen 0-9 % (w/v) aqueous KCl prevented the oedema which 
occurred in ice and water. Under 3 min. elapsed between the 
killing of the animal and immersing the kidney in the 
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cooling mixture in the case of sheep, and 20 min. in the case 
of cattle. Active preparations were obtained from both 
species. 

Homogenates from kidneys kept in iced KCl for 24 hr. 
before homogenizing were as active as those prepared from 
fresh kidney. As about 50 g. of tissue are required for an 
experiment, abattoir kidney is more convenient and cheaper 
than rabbit kidney. 

Preparation of the homogenates. Three methods were used. 
The first (preparation I) was similar to the preparation of 
‘eyclophorase’ according to Green et al. (1948) and their 
method of naming the homogenate R,, R,, etc., according to 
the stage of washing, was also adopted. The period of storage 
of the kidney before homogenizing in cold KCl is indicated 
by a superscript giving the times in hours, e.g. R3*™. The 
residue at the stage chosen was suspended in the required 
amount of ice-cold 0-9% KCl and if necessary stored up to 
3 hr. at 0° until it was used. 

The second method (preparation II) aimed at reducing 
the blank respiration and consisted in centrifuging the 
material obtained by homogenizing in a Waring Blendor, 
for 2min. at 700g and discarding the precipitate. The 
supernatant was then treated as in the first method. 

The third method (preparation ITI) was used when a pre- 
paration consisting almost entirely of mitochondria was 
required. Kidney cortex (25 g.) was minced and homo- 
genized at 0° with a mixture of 70 ml. ice-cold 0-25m- 
sucrose and | ml. n-NaOH in a stainless-steel homogenizer 
of the Potter-Elvehjem type. The resultant mixture was 
centrifuged at 0° and 700 g for 10 min. The residue was dis- 
carded and 8 ml. 1-5n-KCl were added to the supernatant. 
The mixture was thoroughly stirred and then treated as in 
the first method. 

General properties of the homogenates. The material spun 
down at the R, stage was a yellowish brown gel which became 
progressively lighter in colour with successive washings, and 
showed in general the properties of the rabbit ‘cyclophorase’ 
described by Green et al. (1948). 

All preparations were reinforced with adenosinetriphos- 
phate (ATP) and Mg ions, each to a final concentration of 
0-001M, and with phosphate buffer to a concentration of 
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To increase the accuracy of manometric measurement 
incubations were usually carried out at 20° to reduce the 
rate of metabolism. The washed homogenate was diluted in 






Distillation 


7cm. 








5 


cm. 


Fig. 1. Distillation-diffusion unit used in the estimation of 
acetate. The unit was made by blowing a bulb on a 
Thunberg tube and fixing a ground-glass joint and stopper. 


the proportion of 1 vol. of suspension to 3 vol. of 0-9% KCl. 
2 ml. of the diluted suspension (60-70 mg. dry wt.) gave a 
steady O, uptake, on incubation with 0-0025M-pyruvate and 
0-004 m-NaHCO,, of 300-400 yl./hr. for about 2 hr. (Qo,, 





Water at 50° 
Distillation bulb 


~— Brass bar 


Crushed ice 


Receiving tube 


Fig. 2. Apparatus for use with distillation-diffusion units. The apparatus consists of two copper trays, 
the upper being heated and the lower cooled. 


0-04m. Unless otherwise indicated, the pH was 7-4. The O, 
uptake of some preparations was slightly increased by the 
addition of 0-2 ml. 1-86 x 10-*m-cytochrome c and this was 
added as a routine measure. 


pl. O, uptake/mg. dry wt./hr., 5-6). In the absence of 
substrate, Qo, was usually less than 0-5. 

Chemical estimations. O, uptake was measured in War- 
burg manometers. Pyruvic acid was estimated mano- 
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Table 1. Recovery of acetate and acetic acid distilled from anhydrous sodium sulphate 


Added material 





Indicator 
Bromothymol blue 


Phenol red 








N— — Recovery 
Quantity - ~ 
Substance (umoles) pmoles % 
Sodium acetate 0-890 0-868 97-5 
0-707 0-678 96-0 
0-528 0-550 104-0 
0-352 0-338 96-0 
0-176 0-183 104-0 
Acetic acid 1-0 1-01 101-0 
1-5 1-51 100-5 
2-0 2-05 100-7 
Sodium acetate 1-0 0-992 99-2 
1-5 1-480 99-0 
2-0 1-965 98-4 
Sodium acetate in tissue extract 2-0 2-0 100-0 


metrically by the yeast carboxylase method (Krebs & 
Johnson, 1937). Acetic acid was estimated by a distillation- 
diffusion method, utilizing principles introduced by Conway 
& Downey (1950) and Kirk (1950). It is based on the fact 
that the addition of anhyd. Na,SO, increases the tension of 
acetic acid in solution (Conway & Downey, 1950) and there- 
by facilitates its distillation in a distillation-diffusion unit 
(Kirk, 1950). The units were adapted from Thunberg tubes 
and are of the shape shown in Fig. 1. The distillation bulb 
was half filled with anhyd. Na,SO, ; 0-2-0-5 ml. of the acetate 
solution acidified with 2N-H,SO, was then pipetted on top of 
the layer of Na,SO,. Distilled water (1 ml.) and one drop of 
indicator (phenol red) were pipetted into the receiver and the 
assembled unit evacuated. 

The units were then placed in the apparatus as shown in 
Fig. 2. The temperature of the distillation bulb was main- 
tained at 50° and the receiver was cooled in ice. Under these 
conditions acetic acid was quantitatively transferred from 
the distillation bulb to the receiving tube in 20 min. At the 
end of this time the vacuum was released, the receiving tube 
removed, the sides rinsed with a little distilled water and its 
contents titrated with 0-01 N-Ba(OH), free from carbonate. 
Bromothymol blue (Conway & Downey, 1950) was first used 
as indicator but was later replaced by phenol red which gave 
sharper end points. The method measures all volatile acids 
and under the conditions used pyruvic and hydrochloric 
acids gave positive results. These two acids were therefore 
rendered non-volatile by the addition of 0-2 ml. 0-1 M-2:4- 
dinitrophenylhydrazine in 2N-H,SO, and 0-1 ml. m-AgClO,, 
respectively, to 1 ml. of the solution to be analysed. A 
measured sample of the mixture, usually 0-5 ml., was then 
used for distillation. The precipitation of pyruvate and 
chloride may be carried out in the distillation bulb, Na,SO, 
being added later, provided the total volume of liquid is not 
too large. Up to 0-5 ml. of liquid in the distillation bulb was 
found to be satisfactory for this procedure. A blank distil- 
lation of all reagents gave values of about 0-001-0-002 ml. 
0-01 N-Ba(OH), depending mainly on the contamination of 
the laboratory atmosphere. Recovery data are shown in 
Table 1. 

RESULTS 


The ratio of oxygen consumption to pyruvate 
utilization and acetate formation 


The effect of substrate concentration. As shown by 
Green et al. (1948), rabbit-kidney ‘cyclophorase’ 


oxidizes pyruvate to carbon dioxide and water. 
Under their conditions the ratio oxygen uptake/ 
pyruvate consumed, hereafter referred to as O,/ 
pyruvate ratio, was 2-5, which indicates complete 
oxidation. Under the same conditions this ratio was 
as low as 1-5 in sheep- or cattle-kidney preparations 
(Table 2). 


Table 2. The effect of substrate concentration on the 
oxidation of pyruvate by cattle-kidney homogenate 


(Samples (2 ml.) of a preparation I, R34", suspended in 
3 vol. 0-9% KCl. Standard amounts of ATP, cytochrome ¢, 
Mg and buffer; 0-5 ml. 0-1mM-NaHCO, ; total vol. 4-0 ml. 
Temp. 40°, gas, O,.) 


Pyruvate Pyruvate O, 
added used uptake 93 Oe 
(pl.) (ul.) (ul.) Pyruvate 
1120 600 827 1-38 
825 410 833 2-00 
448 440 1034 2-35 


Time curves of O,/pyruvate ratio with different 
substrate concentrations were obtained as follows: 


A series of identical Warburg vessels was set up containing 
0-2 ml. 0-1mM-NaHCO, and pyruvate besides the standard 
additions. The side bulb contained 0-2 ml. 3M-acetate 
buffer, pH 5-0. The vessels were kept at 0° until they were 
assembled and put in the bath. The O, uptake was measured 
and the reaction was stopped in successive vessels at inter- 
vals by adding the acetate buffer from the side bulb. The 
vessels were removed from the bath, the soda swabbed out 
from the centre wells, and after rinsing the centre wells with 
2n-H,SO, and drying, 1 ml. portions of yeast carboxylase 
were put in the side bulbs and sticks of P in the centre wells. 
The manometers were reassembled, gassed with N, and the 
CO, output on mixing was measured. 


The results (Table 3) indicate that for a given 
pyruvate concentration the O,/pyruvate ratio 
showed no major change during the period of incu- 
bation. It changed, however, with the pyruvate 


concentration. It was 2-5 with 240,l. or less 


pyruvate but was smaller at higher pyruvate con- 


20-2 
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Table 3. Ratio O,/pyruvate at different pyruvate concentrations 


(Sheep-kidney preparation I.) 


Dry wt. Pyruvate added Time of Pyruvate O, 
Exp. of tissue to 4:0 ml. incubation used used 0, 
no. (mg.) (ul.) (min.) (pl.) (pl.) Pyruvate 
1 60-9 120 5 20 48. 2-40 
10 39 96 2-46 
20 76 188 2-48 
30 114 284 2-49 
2 60-9 240 5 18 45 2-50 
10 36 90 2-50 
20 72 180 2-50 
30 108 272 2-52 
3 59-4 487 5 12 22 1-83 
10 24 44 1-83 
20 48 87 1-83 
30 70 124 1-77 
+ 71-0 496 10 55 78 1-42 
20 110 155 1-36 
30 165 235 1-42 
40 222 315 1-42 
5 71-8 557 10 30 40 1-33 
20 60 80 1-33 
30 90 120 1-33 


centrations. In all cases preparations with low 
blanks were used (see Tables 7 and 9), and it has 
been assumed that the observed oxygen consump- 
tions in the presence of pyruvate are due solely to 
substrate oxidation, the endogenous respiration 
being completely inhibited. 

Formation of acetate during the oxidation of 
pyruvate. If the O,/pyruvate ratio falls below 2-5 
some intermediate product must be accumulating. 
Distillation as described above for the acetic acid 
determination yielded a volatile acid behaving like 
acetic acid. No acetoacetate, acetoin, L-malate, 
fumarate, succinate or «-ketoglutarate were found, 
and in one case where a test was made a small 
amount of citrate amounting to 30,1. was found, 
when 839 yl. of the substrate were used. To identify 
the volatile acid, pooled samples of the distillate 
from four manometer vessels were neutralized with 
0:1n-sodium hydroxide and concentrated to 
approx. 0-2ml. A portion of this material (5 pl.) 
was chromatographed on paper, using butanol- 
ethylamine according to Hiskox & Berridge (1950) 
as solvent. Standard spots of acetate, propionate 
and butyrate were chromatographed on the same 
paper. The unknown material ran as a single com- 
ponent in the same position as acetate. A further 
sample was tested with lanthanum nitrate according 
to the method of Kriiger & Tschirsch (1929, 1930) 
and gave a positive result. These results indicated 
that the accumulating metabolite was acetate. 
Moreover, the amount of acetate accounted 
quantitatively for the low O,/pyruvate ratios. 

If the two overall reactions: 


pyruvate + 0-5 O, = acetate + CO,, 
pyruvate + 2-5 O,=CO,+ H,O, 


accounted completely for the removal of pyruvate, 
the amount of acetate formed can be calculated 
from the O,/pyruvate ratio. Let the fraction of 
pyruvate disappearing that is oxidized to acetate 
be a. 


Then O,/pyruvate = 0-5a+ (1—a) 2-5, 

a= 1-25—0-5 O,/pyruvate. 
Experiments (Table 4) show that the amounts of 
acetate produced and calculated from the O,/ 
pyruvate ratio approximately agree. Thus acetate is 
the only product of the incomplete oxidation of 
pyruvate which appears in appreciable quantities. 


The effect of varying concentrations of bicarbonate 
on the Qo, of kidney homogenates 


In earlier experiments bicarbonate was added 
according to Green et al. (1948) to give a final con- 
centration of 0-0125M (1120 yl./4 ml.). Lowering the 
concentration to 0-0025mM (224 yl./4 ml.) resulted in 
a marked decrease of the rate of oxygen uptake in 
the presence of pyruvate, and in the O,/pyruvate 
ratio (Table 5). The following experiments were 
carried out to decide whether the effect of bicarbon- 
ate was due to a change in the pH of the medium or 
to a direct action, such as participation in the 
carboxylation of pyruvate to oxaloacetate. 

Effect of pH. To control the pH of the media con- 
taining bicarbonate, the experiments were carried 
out at a constant carbon dioxide pressure, main- 
tained by diethanolamine-carbon dioxide buffers 
(Pardee, 1949; Krebs, 1951). 
(1931) vessels containing in the outer ring the 
medium without tissue and in the centre compart- 
ment 3-0ml. of diethanolamine-carbon dioxide 


Dickens & Simer | 





a 


al 


ti 
re 
se 
re 








3 


ww ee 


Vol. 53 


PYRUVATE OXIDATION BY KIDNEY HOMOGENATES 


309 


Table 4. Formation of acetate by sheep-kidney homogenates when incubated with pyruvate 


(Incubation in Warburg vessels containing the standard additions + 0-2 ml. 0-1n-NaHCO,. Homogenate (2-0 ml.) 
suspended in 3 vol. of 0-:9% KCl. Vessels in ice until put in bath; O, uptake measured; reaction stopped with 1-0 ml. 
0-5N-HCI. 1-0 ml. sample analysed for residual pyruvate. 1-0 ml. sample analysed for acetate.) 


Pyruvate Pyruvate 0. 


2 

{xp. Preparation added used uptake 
no. I (pl.) (yl.) (pl.) 
1 Woe 957 839 724 
2 Ea- 261 261 330 
1305 390 218 
3 Ry. 448 220 362 
672 296 320 


Fraction of 


pyruvate Volatile 
oxidized Acetate acid 

O, to acetate calculated formed 
Pyruvate (a) (ul.) (ul.) 
0-87 0-815 685 595 
1-27 0-615 160 164 
0-56 0-97 379 346 
1-64 0-43 95 107 
1-08 0-71 210 209 


Table 5. The effect of bicarbonate concentration on the Qo, of kidney homogenates oxidizing pyruvate 


(Kidney homogenate R2‘™- (2-0 ml.) suspended in 3 vol. of 0-9% KCl. Volume 4 ml., temp. 20°, gas O,. Vessels in ice 


until put in bath. Reaction stopped with 1-0 ml. 0-5N-HCl. 


Pyruvate 
Exp. Preparation added 
no. I (ul.) 
1 Ox kidney 825 
2 Sheep kidney 898 


buffer, were gassed in the bath with the appropriate 
carbon dioxide-oxygen mixture until equilibrated. 
The manometers were removed from the bath and 
the side-arm stopper leading to the outer ring 
was removed. The mitochondrial suspension was 
quickly pipetted into the side arm and the stopper 
replaced. The contents of the side arm were then 


Table 6. The effect of pH on the oxygen uptake of 
sheep-kidney mitochondrial preparations 


(Sheep kidney, R48", Dickens & Simer vessels were used 
as described in the text. 2-0 ml. of a suspension of 1 vol. of 
mitochondria in 3 vol. of 0-9% KCl. 224yl. of pyruvate 
and 222 ul. NaHCO, in 4 ml. Temp. 20°.) 


0 
Chile pe ey 
Type of gas phase Ist 2nd 
preparation pH (%) 30 min. 30min. 
II 7-0 1-18 1-56 0-78 
7-6 0-23 3-05 1-57 
0 0-09 3-61 2-36 
IT] 7-0 1-18 0-98 0-88 
7-4 0-50 3-43 1-73 
8-0 0-09 6-46 5-88 


tipped into the medium and the manometers were 
replaced in the bath and quickly regassed for a few 
seconds. The measurements (Table 6) show that 
respiration increased with pH within the range of 
pH tested; moreover the respiration was better 
maintained at the higher pH. 


1-0 ml. sample analysed for residual pyruvate.) 


Bicarbonate 

added — Op 
(yl.) Qo, Pyruvate 

1120 6-9 2-50 
224 2-2 1-50 
896 6-3 1-43 
672 6-0 1-31 
448 4-9 1-07 
224 3-0 0-80 


Effect of bicarbonate concentration at constant pH. 
Diethanolamine-carbon dioxide buffers were again 
used. In the range tested (0—0-01354M), increasing 
concentrations of bicarbonate raised Q,, in all 
experiments ; the magnitude of the effect varied and 
depended on the level of the blank respiration. 
When the blank of preparation I was relatively high 
the increase on addition of bicarbonate at pH 7-4 
was relatively small. Preparation II gave lower 
blanks, and generally a greater increase in respira- 
tion on addition of bicarbonate than preparation I. 
Illustrative data are shown in Table 7. Themaximum 
increase caused by bicarbonate was over 100%. The 
effect of bicarbonate can be demonstrated at 
different pH values (Table 8), but the magnitude of 
the effect varies with the pH. The same concentra- 
tion of bicarbonate (0-00752 M) increased the rate by 
258% at pH 7-0, 119% at pH 7-6 and 30% at 
pH 8-0. 

The replacement of bicarbonate by fumarate in the 
oxidation of pyruvate. Green et al. (1948) stated that 
either bicarbonate or a member of the citric acid 
cycle was necessary for the oxidation of pyruvate by 
rabbit-kidney cyclophorase. The relative efficiencies 
of fumarate and bicarbonate in promoting pyruvate 
oxidation by preparations I and III were tested at 
constant pH. At pH 7-0 and 7-6 additions of either 
0:0075M-bicarbonate or 0-00025mM-fumarate in- 
creased respiration of preparations I and III, the 
effects being about equal during the first half hour 
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Table 7. The effect of bicarbonate at pH 7-4 on the oxygen uptake of sheep-kidney homogenates 


(Conditions as in Table 6. High blank means that the Qo, was 40-60% of the value with pyruvate alone as substrate; 
low blank means that Qo, was less than 10%.) 





NaHCO, CO, in Qo, 
Exp. concn. gas phase = >——— ; 
no. Type of preparation (mM) (%) Ist 30 min, 2nd 30 min. 
i I (high blank) 0-00275 0-43 10-69 
0-00752 1-18 11-50 
0-0135 2-13 11-65 ) 
2 I (high blank) 0-00147 0-2% 11-17 
0-00752 1-18 13-10 
3 I (high blank) 0-000572 0-09 8-35 
0-00752 1-18 8-70 
4 I (low blank) 0-00147 0-23 5:77 4-87 
0-00275 0-43 6-40 6-33 
0-00752 1-18 10-22 8:36 ; 
5 I (low blank) 0 0 6°57 5:55 
0-00752 1-18 9-70 8-13 
6 I (low blank) 0 0 6-57 
0-00752 1-18 9-72 
7 I (low blank) 0-000572 0-09 6-94 
0-00147 0-23 7-32 
0-00275 0-43 761 
0-00752 1-18 8-77 
8 II 0-000572 0-09 3-73 2-86 
0-00275 0-43 5-70 3-79 
0-00752 1-18 8-60 8-12 
9 II 0 0 6-56 
0-00147 0-23 10-05 
0-00752 1-18 11-13 
0-01354 2-13 11-40 


Table 8. The effect of bicarbonate on the oxygen uptake of sheep-kidney mitochondrial preparations 
at different pH values with pyruvate as substrate 


(Conditions as in Table 6 except that 1-0 ml. 0-1M-phosphate buffer was used in each vessel.) 
Conen. of added CO, in Qo, 
bicarbonate gas phase ’ - 
Type of preparation pH (mM) (%) Ist 30 min. 2nd 30min. 3rd 30 min. 
I RZ. 7-0 0 0 2-49 1-89 0-96 
0-00752 3-03 3-29 3°28 2-56 
I R34 0 0 2-43 1-53 0-90 
0-00752 3-03 4:29 4:38 3°93 | 
Hi 2e* 7-0 0 0 3-33 1-71 0-88 
0-00752 3-03 13-99 12-82 2-33 
I Rote 7-6 0 0 3-91 4-64 5 
0-00752 0-75 5-10 5-93 
I R24m 7-6 0 0 3°35 3°57 
0-00752 0-75 5-12 5-82 
[ll RZ" aged 4 hr. 7-6 0 0 1-72 0-51 
before using 0-00752 0-75 3-78 1-55 
I R34 8-0 0 0 6-93 5-71 
0-00752 0-23 7-40 6-63 
I R2shr. 8-0 0 0 7:33 DO 
0-00752 0-23 7-13 . 6-62 
nites 8-0 0 0 7-21 3-97 1-25 
0-00752 0-23 9-44 7-23 4-40 
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Table 9. The effect of bicarbonate and fumarate on the oxygen uptake of sheep-kidney mitochondrial 
preparations at different pH levels 


(Conditions as in Table 6. Pyruvate added, 224 ul.; bicarbonate and fumarate as shown. Appropriate diethanolamine- 
CO, buffers and O,-CO, gas mixture. Low blank means that the Qo, is less than 10% of the value with pyruvate alone 


as substrate.) 


Type of 
preparation 
I R24». (low blank) 


I Rehr. (low blank) 


tl R3* 


I R24 hr. (low blank) 


III R24 aged 4 hr. 


before use 


I Ro: (low blank) 


[ R24». (low blank) 


Ill R3**- 


IIT R3thr. 


pH 
7-0 


7-0 


8-0 


8-0 


8-0 


Conen. of additions 


Fumarate 


(M) 
0 
0-00025 
0 
0-00025 


0 
0-00025 
0 
0-00025 


0 
0-00025 
0 

0-00025 


0 
0-00025 
0 

0-00025 


0 
0-00025 
0 
0-00025 


0 
0-00025 
0 
0-00025 


0 
0-00025 
0 

0-00025 


0 
0-00025 
0 
0-00025 


0 
0-00025 
0 
0-00025 


Bicarbonate 
(M) 
0 
0 
0-00752 
0-00752 


0 

0 
0-00752 
0-00752 


0 
0 

0-00752 
0-00752 


0 
0 

0-00752 
0-00752 


0 

0 
0-00752 
0-00752 


0 
0 
0-00752 


0-00752 


0 

0 
0-00752 
0-00752 


0 

0 
0-00752 
0-00752 


0 
0 

0-00752 
0-00752 


Ist 30 min. 
2-49 
6-03 
3°29 


5-49 


43 
“54 
-29 
“18 

3°33 
13-10 
13-99 
16-50 


3-91 
5-18 
5-10 
6-01 


Ot Hm Or bo 


Q 


v Oo 


2nd 30 min. 
1-89 
4-02 
3-28 
5-49 
1-53 
3-76 
4-38 


5-62 


1-7] 
6-43 
12-82 
9-45 


4-64 
6-16 
5-93 
6-26 
0-51 
1-34 
1-55 
6-26 


3rd 30 min. 


0-96 
2-59 
2-56 


4-60 


0-90 
2-83 
3-93 
4-73 
0-88 
3°30 
2-33 


5-20 


Table 10. The utilization of pyruvate by sheep-kidney mitochondria without bicarbonate 


at pH 7-0, 7-4, 7-6 and 8-0 


(Technique as previously described but vessels contained 1-0 ml. 0-1 m buffer in the main compartment of the vessel and 
(0-2 ml. 3M-acetate buffer, pH 4-4, in the side bulb. The homogenate was prepared by method III. Incubation time, 50 min.) 


Pyruvate 


added 
Exp. (ul.) 
] 405 
2 352 


Pyruvate 
used 
(pl.) 

171 
168 


143 
158 


O. 
used 
(ul.) 
118 
142 


~1 G9 
tos 


0. 


Pyruvate 
0-69 
0-84 
0-96 
1-09 


Calculated 
formation of 
acetate from 

pyruvate 
(%) 
90-5 
83-0 


77-0 
70-5 
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of incubation. On incubation beyond 30 min. bi- 
carbonate was more effective at pH 7-0 or 7-6 than 
fumarate. At pH 8-0 increases were not always 
observed, but when they occurred both bicarbonate 
and fumarate had again about the same effects 
(Table 9). 


Oxidation of pyruvate without added 
bicarbonate or fumarate 


Washed sheep-kidney homogenates were found to 
be capable of oxidizing pyruvate without added 
bicarbonate or fumarate, especially at a high pH 
(Tables 7-9). In some experiments the O,/pyruvate 
ratio was measured and values of 0-69—1-09 were 
obtained (Table 10). This means that 70-5-90-5 % 
of the pyruvate utilized was oxidized to acetate, 
while the remainder was completely oxidized. 


DISCUSSION 


According to the experimental conditions the oxida- 
tion of pyruvate in kidney homogenate may be 
complete, or lead to the formation of acetate. An 
aerobic formation of acetate from pyruvate has 
been demonstrated before in brain homogenates, 
but not in the homogenates of other animal tissues 
(Ochoa, 1951). Whether the oxidation is complete 
or incomplete depends on the pyruvate concentra- 
tion and on the concentration of bicarbonate or a 
precursor of oxaloacetate. Complete oxidation of 
pyruvate is obtained in the presence of 0-0075M- 
bicarbonate or 0-00025m-fumarate and a low con- 
centration (0-0025m) of pyruvate. High pyruvate 
concentrations, above 0-0025M, and low bicarbon- 
ate concentrations result in incomplete oxidation 
and formation of acetate. Increase of pH has an 
effect similar to, but smaller than, the effect of 


bicarbonate. Under the conditions used by 


W. BARTLEY 





1953 


Green et al. (1948) it isnot possible to say how much 
of the stimulation of respiration obtained was due 
to bicarbonate and how much due to changed pH. 

The relative ineffectiveness of bicarbonate at 
pH 8-0 is probably due to the saturation of the 
tissue with endogenous bicarbonate and carbon 
dioxide. This would also account for the com- 
paratively high O,/pyruvate ratio at pH 8-0 without 
added bicarbonate. It appears probable that bi- 
carbonate has no special role in the oxidation of 
pyruvate by mitochondria other than as supplier of 
carbon dioxide for carboxylation. 


SUMMARY 


1. The preparation and properties of respiring 
particulate preparations from homogenized sheep 
and ox kidney are described. Kidneys yielded fully 
active preparations after storage in frozen 0-9% 
potassium chloride for 24 hr. 

2. The estimation of volatile acid (acetate) by the 
use of a distillation-diffusion apparatus is described. 

3. Complete oxidation of pyruvate occurred only 
when bicarbonate (0-0075mM) or fumarate (0-00025m) 
was present and the concentration of pyruvate was 
below about 0-0025M. 

4. Under other conditions the oxidation of 
pyruvate was incomplete and acetic acid accumu- 
lated. 

5. Bicarbonate increased the rate of oxygen 
uptake at pH 7-0, 7-4 and 7-6 but not consistently at 
pH 8-0. The increased oxygen uptake was accom- 
panied by a reduction in the accumulation of acetate. 
Increase of pH from 7-0 to 8-0 had an effect similar 
to, but smaller than, that of bicarbonate. 


I wish to thank Prof. H. A. Krebs, F.R.S., for his help and 
advice. 
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Ornithine Transaminase in Neurospora and its Relation 
to the Biosynthesis of Proline 


By J. R. 8S. FINCHAM 
Department of Botany, University College, Leicester 


(Received 11 June 1952) 


The mould Neurospora crassa is normally able to 
interconvert proline and ornithine, since either 
proline or ornithine will satisfy the growth require- 
ment of certain mutant strains (Srb, Fincham & 
Bonner, 1950). Another mutant requires proline 
specifically, while numerous other strains, repre- 
senting at least four different genetic loci, respond to 
ornithine but not to proline (Srb & Horowitz, 1944). 
A knowledge of the enzymic mechanisms involved 
in the interconversion of these two amino-acids is 
clearly necessary for a fuller understanding of the 
effects of the mutations concerned. 

The present study was suggested by the possi- 
bility that one step in the conversion of ornithine to 
proline might be the transfer of one of the amino 
groups of ornithine to an amino acceptor such as 
a-ketoglutaric acid. Quastel & Witty (1951) have 
reported the presence of an ornithine transaminase 
in animal tissues, and the author (Fincham, 1951) 
found that ornithine was one of a number of amino- 
acids to be transdeaminated by Neurospora extracts. 
This paper deals in more detail with the Neurospora 
enzyme and with the nature of the products of the 
reaction. 


MATERIALS AND METHODS 


Chemicals 


a-Ketoglutaric acid and tL-ornithine dihydrochloride 
were used as supplied by L. Light and Co. and Roche 
Products, respectively, and were neutralized with NaOH for 
use. DL-Glutamic y-semialdehyde diethyl acetal was syn- 
thesized and kindly supplied by Dr N. Good (Good & 
Mitchell, 1952). It was converted to the free aldehyde by 
dissolving in 0-3N-HCl at room temperature and neutral- 
izing with NaJH 15-30 min. later, when it could be demon- 
strated chromatographically that all the acetal had dis- 
appeared. A specimen of o-aminobenzaldehyde was kindly 
supplied by Dr H. J. Vogel. For use it was made up in 
0-01 M aqueous solution with the addition of about 2% (v/v) 
of ethanol to aid dissolution. 


Enzyme preparations 


The Neurospora crassa strains used most extensively were 
the wild-type strain E5297 (originally isolated by Dr S. 
Emerson) and a recently re-isolated albino amination- 
deficient strain (Fincham, 1950) 47305-1088/34, which will 


be referred to as strain A. The latter strain, which requires 
exogenous «-amino N for growth, gave about 5-6 times as 
much ornithine transaminase activity/mg. N in extracts as 
did E5297 or any other strain tested. Accordingly, strain A 
was used in most experiments. Mycelium was grown from a 
heavy conidial inoculum in Roux bottles each containing 
150 ml. Fries no. 3 medium supplemented with 4yg. 
(+)-biotin/l. and, usually, L-arginine to a concentration 
of 0-0025m. Each litre of Fries medium contains 5 g. 
ammonium tartrate, 1g. NH,NO;, 1g. KH,PO,, 0-5 g. 
MgSO,.7H,0, 0-1 g. NaCl, 0-1 g. CaCl,, trace elements and 
15 g. sucrose (Ryan, Beadle & Tatum, 1943). The high level 
of enzyme in strain A is not dependent on the presence of 
arginine in the medium, since the substitution of L-glutamic 
acid for arginine resulted in little diminution in the yield of 
enzyme; the enzyme yield of E5297 is likewise unaffected by 
the addition of arginine to the growth medium. After incu- 
bation without agitation for 36-60 hr. at 25°, the mycelium 
was harvested on a large Biichner funnel, washed with about 
11. distilled water/Roux bottle, sucked fairly dry, pressed 
between layers of absorbent paper, weighed and ground in 
an ice-cooled mortar for 15 min. with 2 vol. of 0-0067m- 
Na,HPO,-KH,PO, buffer (pH 7-3) with the addition of 
powdered glass. The resulting cream was centrifuged for 
5 min. at the top speed of an M.S.E. ‘ Minor’ centrifuge, and 
the almost clear supernatant was dialysed at 1-5° for 
1-5-2 hr. against three changes of the same buffer as was 
used in the extraction. During dialysis the fluid both inside 
and outside the cellophan membrane was kept constantly 
stirred. The bag contents were usually used at once, but in 
a few experiments it was found that the activity was 
scarcely impaired by a further 20 hr. dialysis at 5°. Extracts 
prepared in this manner contained about 1-5 mg. N/ml. 


Measurement of enzyme activity 


In most experiments Warburg manometers were used. 
Each manometer vessel contained, in the main cup, 0-8 ml. 
dialysed mycelial extract, 0-3 ml. 0-05m-NaHCO, and 
0-1 ml. 0-2mM-sodium «-ketoglutarate, and, in the side arm, 
0-1 ml. 0-05m-NaHCO,, 0-1 ml. 0-2Mm-ornithine hydro- 
chloride and 0-2 ml. distilled water (with distilled water in 
place of either or both reactants in control vessels). The gas 
atmosphere was 5% CO,:95% N, (by vol.) giving a theo- 
retical pH of 7-31. The reaction was started by tipping in the 
contents of the side arm; it was stopped, and most of the 
protein precipitated, after dismantling the manometers, by 
either adding to each flask 0-05 ml. of 5% (w/v) aqueous 
acetic acid and heating to 100° for 15-30 sec. or adding 
0-05 ml. of 10% (w/v) aqueous Na,WO, and 0-05 ml. 
10n-HCl. The bath temperature was 35°. 
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Determination of amino-acids 


Paper chromatography by the ascending method was 
used for the identification and approximate quantitative 
determination of amino-acids. For quantitative work the 
solvent n-propanol-acetic acid-water (75:5:20 by vol.), 
which gave a good separation of ornithine and glutamic acid 
with R, values 0-06 and 0-19 respectively, was used. 
Standard-sized (0-8 ul.) spots of deproteinized digests were 
applied 9 mm. apart along a line 15 mm. from the edge of a 
sheet of Whatman no. | filter paper. Series of ornithine and 
glutamic acid standards were applied to the same sheet, and, 
to ensure the maximum possible uniformity in spot size, 
colour and R, value between standards and experimentals, 
the standard spots were generally superimposed on dried 
spots of the appropriate control digest. After overnight 
equilibration with the solvent vapour, chromatograms were 
run for 1—2 hr. (corresponding to a solvent rise of 8-12 cm.), 
dried, sprayed uniformly with 0-25% (w/v) ninhydrin in 
n-butanol, and allowed to dry at room temperature. For 
critical comparisons, unknown and standard spots were 
labelled on one side in pencil, cut out, shuffled, and arranged 
in order of intensity by inspection of the reverse side. The 
arrangement of the standards in the right order served as 
a check on the reliability of each chromatogram. With 
duplicated spots, amino-acid concentrations of from 1 to 
12m™M could generally be determined to within 1 mM 
and, at the lower concentrations, determination to within 
0-5 mM was sometimes possible depending on the evenness 
of the spots. 


Determination of carbonyl compounds 


Substances giving a yellow product with 2:4-dinitro- 
phenylhydrazine were determined qualitatively by chro- 
matography as follows. First a spot of saturated dinitro- 
phenylhydrazine in N-HCI and then a spot of the unknown 
solution were applied to the same position on the paper. 
Three further superimpositions of each solution, with drying 
between each application, sufficed to give spots of a reason- 
able intensity. »-Butanol saturated with excess 6% (w/v) 
aqueous NH, was used as the solvent, and chromatograms 
were run upwards for 2-3 hr. after overnight equilibration 
against the solvent vapour. The «-ketoglutarate derivative 
gave a well defined spot at R, 0-13. In chromatograms of 
experimental digests the only other spots which appeared 
were one at R, 0-81 which corresponded to unreacted di- 
nitrophenylhydrazine, and another, rather faint, at R, 
0-45-0-50 (depending on the amount of protein in the test 
solution) which apparently corresponded to glutamic 
semialdehyde (see Results). The latter substance has been 
found to give only 1-2% of the colour yield with dinitro- 
phenylhydrazine and alkali given by an equimolar amount 
of «-ketoglutaric acid. The following method was accord- 
ingly used for quantitative determination of «-keto- 
glutarate. To 1 ml. of deproteinized digest (diluted 1:20 or 
1:40 with water) 1 ml. of half-saturated dinitrophenyl- 
hydrazine in N-HCl was added, followed, after 15 min. at 
room temperature, by 5 ml. N-NaOH. The red colour was 
read relative to a water blank on an ‘Eel’ photoelectric 
colorimeter (Evans Electroselenium Ltd., Harlow, Essex) 
with a green filter, and the reading compared with a linear 
standard curve for «-ketoglutarate. 
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Bioassays 


Bioassays for proline and for A!-pyrroline-5-carboxylic 
acid were carried out using two mutant strains of Escherichia 
coli, 55-1, which requires L-proline for growth, and 55-25, 
which will grow with either proline or pyrrolinecarboxylic 
acid (Vogel & Davis, 1952). The cultures of these two strains 
were kindly supplied by Dr B. D. Davis. Maintenance of the 
cultures and the bioassay methods were essentially as 
described by Vogel & Davis. Deproteinized digests which 
were found to be active in promoting growth of the Esch. coli 
mutant 55-25 were acidified with HCl and applied to a line 
15 mm. from the edge of a filter-paper sheet in a row of 
0-8 ul. spots, 2-5 mm. apart. Three superimposed applica- 
tions along the same line gave a sufficiently high concen- 
tration of growth-promoting substance. The chromato- 
grams were developed with three different solvents (Table 2) 
for a time sufficient for the solvent to rise 10-11 em. above 
the starting line in each case. After drying, the chromato- 
grams were cut into strips 15 mm. wide, parallel to the 
direction of solvent flow, and each strip was cut into sections 
5 mm. wide from the starting line upwards. These sections 
were dropped into small test tubes each containing 1 ml. of 
the medium of Davis & Mingioli (1950) (‘Medium A’: 
Vogel & Davis, 1952) from which glucose had been omitted; 
the media so produced were autoclaved to 1 atmosphere 
excess pressure and inoculated with strain 55-25 as single 
drops of cell suspension in 20% (w/v) glucose. After incu- 
bation for 24 hr. at 30°, cultures were diluted to 6 ml. and 
their turbidities measured in the ‘ Eel’ colorimeter. 


RESULTS 
Preliminary results concerning this and other 
transaminase systems in Neurospora have already 
been reported (Fincham, 1951). The pH optimum 
for the ornithine transaminase system in phosphate 
buffer was found to be about 8. 
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Displacement of CO, from CO,-bicarbonate buffer 
For conditions, see 


Fig. 1. 
during ornithine transamination. 
text. This is Exp. 1 of Table 1. 


Acid production during the reaction 
It was found that when enzyme preparations 
were incubated with ornjthine and «-ketoglutarate 


in bicarbonate-CO, buffer in a Warburg manometer 
there was a rapid evolution of CO, (Fig. 1). In two 
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experiments in which excess sulphuric acid was 
added from a second side arm after the completion 
of the reaction it was found that the total CO, 
liberated agreed closely with the amount of bi- 
carbonate added to the flask ; thus no extra CO, had 
been produced and the liberation of CO, during the 
transamination reaction must have been due to acid 
production. CO, was evolved at a low rate from 
control digests lacking both reactants, and this 


‘blank’ rate was unaffected by the presence of 


ornithine alone, but was generally more or less 
depressed by the presence of «-ketoglutarate alone. 
Thus the appropriate control for the complete 
system was taken to be the digest lacking ornithine 
but not «-ketoglutarate. 

Stoicheiometry and the equilibrium position of the 
reaction. In Table 1 results of two typical experi- 
ments using the relatively very highly active 
extracts from strain A are given. Allowing for the 
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seemed unlikely to be due to inactivation of enzyme, 
since, when preparations of lower activity were 
used, it continued at a lower rate for 4 hr. or more. 
Furthermore, in one experiment fresh substrates 
were tipped in from a second side arm after this 
apparent equilibrium had been reached, and CO, 
liberation recommenced at about the rate expected 
if no enzyme activity had been lost. Accepting that 
the data given in Table 1 give the equilibrium 
position of the reaction, the equilibrium constant 


[Glutamic acid]. [X] 


oe ; is about 20, 
[Ornithine]. [«-Ketoglutarate] 


assuming that ornithine is transformed to a single 
product X. As will be shown in the next section, 
this assumption is almost certainly not true, and the 
further transformation of the initial product prob- 
ably accounts for the one-sidedness of the equi- 
librium found. 


Table 1. Results of two experiments using dialysed extract of strain A 
grown on arginine-supplemented medium 


(Incubation in Warburg manometers at 35° for 125 min. (Exp. 1) and 170 min. (Exp. 2). For other conditions see text.) 





Exp. no. ... wie je 1 : 
Manometer no... om 1 2 3 4 5* 1 2 
pMoles added: 
L-Ornithine 0 20 20 20 20 0 20 
a-Ketoglutarate 20 0 20 20 20 20 20 
»Moles after incubation: 
Glutamate — 0 14-15 14-15+ 0 3-4 18-20 
Ornithine 0 Approx. 20 6-8 6-8 Approx. 20 0 3-5-5 
«-Ketoglutarate 15-2 0 2-1 2-4 21-0 +++ +i 
CG, displaced frum butter 1-6 2-1 7-3 7-2 0-3 1-3 8-2 


* Extract boiled in no. 5. 


+ Glutamate in 3 and 4 determined as excess over concentration in 1. 
ft «-Ketoglutarate determinations semiquantitative in Exp. 2. 


relatively small transformation of «-ketoglutarate 
to glutamate in the absence of ornithine, close to 
1 mole of «-ketoglutarate is transformed to glu- 
tamate for every mole of ornithine disappearing. 
However, CO, was liberated only to the extent of 
0-4-0-5 mole/mole of ornithine disappearing. This 
relation held true in a number of experiments in 
which the transamination reaction proceeded to 
various degrees of completion. Although the 
mechanism: of the acid production is not entirely 
clear, the constancy of this relation to ornithine 
disappearance made it seem probable that the CO, 
liberation was a good index of the progress of the 
transamination reaction. Using the most active 


enzyme preparations the rate of CO, output in the 
experimental vessel fell to that in the ‘no ornithine’ 
control in about 90min. after the start of the 
reaction. This apparent equilibrium had _ been 
attained in the experiments, the results of which are 
given in Table 1. The cessation of CO, production 


The nature of the product of ornithine transamination 


Preliminary observations. Glutamic acid was the 
only amino-acid which could be demonstrated 
chromatographically to have been formed in the 
reaction. Also, the ornithine transaminase system 
was unique among several transaminase systems in 
yielding no new keto acid detectable as its dini- 
trophenylhydrazone on a chromatogram after an 
experiment in which mycelial extract and sub- 
strates were incubated aerobically in phosphate 
buffer. No ammonia (determined in Conway units 
by nesslerization) was liberated during the reaction. 
These observations suggested that the carbonyl 
group initially formed condensed with the remaining 
amino group to form a pyrroline ring. This would 
provide a possible explanation for the apparent acid 
production since the pyrroline nitrogen might be 
expected to have diminished basic strength as 
compared with the free amino group. 
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2:4-Dinitrophenylhydrazone derivative. It seemed 
possible that a keto or aldehydo compound might be 
formed which was too unstable to survive the usual 
deproteinization procedure. Accordingly, digests 
from experiments of the type illustrated in Fig. 1 
were applied directly to paper with dinitrophenyl- 
hydrazine without any deproteinization. The kind 
of result obtained is shown in Fig. 2. From the digest 
containing both ornithine and «-ketoglutarate a 
yellow spot with R, 0-45 was obtained. There was 
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Fig. 2. Chromatograms of 2:4-dinitrophenylhydrazones 
from (A) digests from a manometric experiment of the 
standard type (L. to R.: complete system, no ornithine, 
no «-ketoglutarate) and (B) a solution containing 
0-025 M-pL-glutamic y-semialdehyde and heated enzyme 
preparation to give the same protein concentration asin A. 
The fast-running unreacted dinitrophenyl- 
hydrazine. 


spot is 


no trace of such a spot from the control lacking 
ornithine, and a much fainter spot in a similar 
position from the control without «-ketoglutarate 
may have been due to streaking of the large excess 
of reagent present in this case. Control solutions 
containing the same concentration of mycelial 
extract and synthetic glutamic semialdehyde gave 
a strong yellow spot with a similar R, value. Both 
the new spot in the experimental digests and the 
spot of the glutamic semialdehyde derivative 
turned orange-brown on spraying with N-NaOH (in 
this respect they resembled the fast-running spot 
of unreacted dinitrophenylhydrazine and differed 
from the spots of the derivatives from «-keto- 
glutaric acid and «-keto-5-aminovaleric acid, which 
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remained yellow under these conditions). Contrary 
to expectation, both failed to give any colour with 
ninhydrin. A solution containing «-keto-5-amino- 
valeric acid, the reasonable alternative to glutamic 
semialdehyde as the product of ornithine trans- 
amination, was obtained by oxidizing pL-proline in 
a manometer vessel with sheep-kidney acetone 
powder (Krebs, 1939). The dinitrophenylhydrazone 
of this compound showed a chromatographic 
behaviour markedly different from that of the 
glutamic semialdehyde derivative. In the solvent 
n-butanol-water-glacial acetic acid (77:18-5:4-5 by 
volume) it had R, 0-47, while the derivatives of the 
product of ornithine transamination and glutamic 
semialdehyde ran overlapping with the excess 
reagent at the solvent front. 

Two attempts to isolate the dinitrophenyl- 
hydrazone of the product of ornithine transamina- 
tion have been unsuccessful. Large-scale digests 
were deproteinized with tungstic acid and added to 
excess dinitrophenylhydrazine in hydrochloric acid. 
The «-ketoglutaric acid derivative was extracted 
from the acidic solution with ether. There was 
no appreciable crystallization from the aqueous 
residue, although, had «-keto-5-aminovaleric acid 
been present, it should have been readily isolated by 
this method. Qualitative observations on synthetic 
glutamic semialdehyde indicate that its dinitro- 
phenylhydrazone is much more soluble in dilute 
hydrochloric acid than that of «-keto-5-amino- 
valerie acid. 

Reaction with p-dimethylaminobenzaldehyde. When 
portions of the experimental digest were heated 
with an equal volume of 2% (w/v) p-dimethyl- 
aminobenzaldehyde in n-hydrochlorie acid (Ehr- 
lich’s reagent), a red colour developed. The colour 
was fully developed by 4-5 min. heating in a 
boiling-water bath, tended to fade on cooling, and 
became reintensified on reheating. Control digests 
lacking either ornithine or «-ketoglutarate did not 
give the test ; neither did digests with both reactants 
but with the enzyme boiled. Solutions containing 
synthetic glutamic semialdehyde gave the test, but 
a solution containing «-keto-5-aminovaleric acid 
(prepared enzymically from pu-proline) did not. 

Reaction with o-aminobenzaldehyde. This reagent 
gave a strong yellow colour with ornithine trans- 
aminase reaction mixtures, but no colour with 
control digests lacking ornithine or «-ketoglutarate 
or with boiled enzyme. It was found that the 
enzyme reaction could be carried out in the presence 
of the reagent and the development of the yellow 
colour followed in a photoelectric colorimeter 
(Fig. 3). No attempt has been made to determine 
whether the relation between colour development 
and ornithine disappearance is a direct one, but it 
will be seen that this method provides a simple and 
sensitive test for the enzyme, which might be made 
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quantitative. A point of special interest which 
emerges from this typeof experiment is that when the 
reaction proceeds in the presence of o-aminobenzalde- 
hyde it goes to completion, there being no detectable 
ornithine remaining at the end of the reaction. 
The colour reaction with o-aminobenzaldehyde is 
characteristic of A‘-pyrroline and related com- 
pounds (Vogel & Davis, 1952), and, taken in con- 
junction with the data on the reaction with dinitro- 
phenylhydrazine given above, it suggests strongly 
that the primary product of ornithine transamina- 
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Fig. 3. Reaction of the product of ornithine transamination 
with o-aminobenzaldehyde. Open colorimeter tubes 
contained: 0-0016M-L-ornithine, 0-0016M-sodium «- 
ketoglutarate, 0-0008M-o-aminobenzaldehyde, 0-02m- 
phosphate buffer (pH 7-3), and 0-3 ml. enzyme prepara- 
tion (from strain A grown on Fries medium supple- 
mented with glutamate) in a total vol. of 6-25 ml. The «- 
ketoglutarate was added at time 0. Room temp., about 
18-5°. @, complete system; O, enzyme boiled; e, no 
ornithine; +, no «-ketoglutarate. 


tion is glutamic y-semialdehyde which gives A!- 
pyrroline-5-carboxylic acid by spontaneous ring 
closure. The latter compound would also be ex- 
pected to react with Ehrlich’s reagent, which is used 
as a test for pyrroles and related compounds. 
Promotion of growth of bacterial mutants. Orni- 
thine transaminase reaction mixtures, deproteinized 
by acidification with acetic acid and brief heating, 
supported the growth of Esch. coli mutant strain 
55-25 (which responds to either proline or A!- 
pyrrolinecarboxylic acid, according to Vogel & 
Davis), but were inactive for strain 55-1 (which 
requires proline specifically). In Fig. 4 are shown 
the results of an experiment in which the growth- 
promoting activity for strain 55-25 of the trans- 
amination product is compared with that of L- 
proline. There is some indication that the shapes of 
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the growth-concentration curves for the two com- 
pounds are somewhat different, but the data are 
consistent with ornithine having been converted 
into a product having approximately the same 
activity for 55-25 as t-proline. The appreciable 
activity of the control digest lacking ornithine is 
possibly due to the presence of some residual 
ornithine in the enzyme preparation, which was 
made from mycelium grown on medium containing 
arginine. 


Turbidity-colorimeter reading 





0 0-25 05 0-75 
Dilutions x1/200 


Fig. 4. Promotion of growth of Esch. coli mutant 55-25 by 


deproteinized digests. C contained initially 0-012M-1- 
ornithine and 0-012M-a-ketoglutarate; B contained «- 
ketoglutarate only, and A received neither reactant. 
After incubation C contained about 0-003M-ornithine 
(estimated from CO, displacement). The solutions were 
incorporated into minimal medium at 1/200 their original 
concentration, and further diluted with medium contain- 
ing solution A, all media thus receiving equal amounts 
of any residual protein. 5 ml. lots autoclaved (without 
glucose) to 1 atmos. and inoculated with 55-25 cells in 
sterile glucose solution. Turbidities read on the colori- 
meter after 21 hr. at 34°. The results indicate growth- 
promoting substance equivalent to about 0-002M- and 
0-01 M-L-proline in B and C respectively. 


Chromatographic behaviour. In Table 2 are given 
approximate R, values both for growth-promoting 
substances in the digests and for synthetic glutamic 
semialdehyde applied to the paper in 0-3N-hydro- 
chloric acid. The R,’s given by the latter substance 
agree well with the values reported by Vogel & 
Davis (1952) for A?-pyrrolinecarboxylic acid; 
presumably the semialdehyde is largely converted 
into A!-pyrroline carboxylic acid under these condi- 
tions. With 50% (v/v) aqueous ethanol as solvent 
the transaminase digest gives a single growth- 
promoting band agreeing in position with that given 
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Table 2. R, values of substances promoting growth of Esch. coli mutant 55-25 


Solvent 


Phenol sat. with water-glacial acetic acid (16:1, v/v) 
n-Butanol-glacial acetic acid-water (77:4-5:18-5, v/v) 


Glutamic Ornithine Al-Pyrroline 
y-semialdehyde transaminase digest carboxylic acid 
0-82 0-49, 0-80* — 

0-24 0-06, 0-21* 0-24+ 
0-76 0-79 0-777 


Aqueous ethanol (50%, v/v) 


* Two bands of approximately equal potency. 


by glutamic semialdehyde. With the two solvents 
phenol-acetic acid and n-butanol-acetic acid, how- 
ever, the digest gave two growth-promoting bands, 
one of them (the faster-running in each case) agree- 
ing in position with glutamic semialdehyde. When 
glutamic semialdehyde was superimposed on de- 
proteinized digest along the starting line it aug- 
mented only the faster-running band in each case. 
It thus appears that A!-pyrroline-5-carboxylic acid 
may be partially converted to another, related, 
proline precursor by the Neurospora extract, 
although it is not excluded that the change takes 
place during the deproteinization procedure.. 


Reversibility of the reaction 


The fact that the reaction between ornithine and 
a-ketoglutarate does not go to completion implies 
that it should be possible to demonstrate its 
reversibility. If glutamic semialdehyde is the 
primary product of the reaction, Neurospora 
extracts should convert it partially to ornithine in 
the presence of glutamate. Evidence that this is so 
was obtained from two experiments. A preliminary 
experiment showed an apparent formation of 
ornithine (detected chromatographically) whether 
glutamate was added to the digest or not, and it 
could not be said that glutamate increased the small 
yield of ornithine. Using mycelial extracts which 
had been subjected to an extra 20hr. dialysis 
against phosphate buffer, however, ornithine for- 
mation was extremely small in the absence of added 
glutamate and considerably greater in its presence. 
A chromatogram illustrating the second experiment 
is shown in Fig. 5. The amino-acid spot presumed to 
be ornithine had the same FR, value as ornithine 
standards on both phenol-water-ammonia and 
n-propanol-acetic acid chromatograms. It will be 
seen from Fig. 5 that only about half as much 
ornithine was formed from glutamic semialdehyde 
as would be expected from the equilibrium position 
of the reverse reaction. This discrepancy can be 
ascribed to two causes. First, there was considerable 
disappearance of glutamic semialdehyde (as shown 
by reduced intensity of the dinitrophenylhydrazone 
derivative on a chromatogram) even in the absence 
of glutamate in this experiment, and the concentra- 
tion of this substance which was available for con- 
version to ornithine was certainly less than the con- 
centration added. Secondly, in the imperfectly 


+ Values from Vogel & Davis (1952). 
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Fig. 5. Diagram of ninhydrin-coloured chromatogram 
showing enzymic formation of ornithine from glutamic 
y-semialdehyde and glutamate. Tubes (60x 9mm.) 
contained «-ketoglutarate (KGA), L-ornithine (0), 
sodium L-glutamate (GA) (all at initial concentration 
0-0125M) and 0-025 M-pL-glutamic y-semialdehyde (GSA) 
as indicated. All contained 0-08 ml. enzyme preparation 
in 0-05m-phosphate buffer at pH 7-3 in a total vol. of 
0-16 ml., were layered with 1 ml. liquid paraffin to 
exclude air and incubated 3 hr. at 35°. The chromatogram 
was developed with phenol saturated with water with 
NH; vapour inthe atmosphere. Digests 3 and 6 gave spots 
in the ornithine position corresponding in intensity to, 
respectively, 0-001-0-002M- and 0-003-0-004 m-ornithine 
standards. The faint streak indicated below the ornithine 
region in 2, 3, 4 and 6 is due to glutamic semialdehyde or 
trailing of ornithine, or both. 


anaerobic conditions, there was some oxidation of 
glutamate to «-ketoglutarate in the absence of 
glutamic semialdehyde, and «-ketoglutarate so 
formed would tend to stop ornithine synthesis. 
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Presence of the enzyme in various mutant 
strains of Neurospora 


Ornithine transaminase activity was detected in 
extracts of mycelium of the genetically different 
mutant strains 27497, 21502, 34105 and 29997, all of 
which require ornithine, citrulline or arginine for 
growth (Srb & Horowitz, 1944). The enzyme was 
also obtained from strain 21863, which has a 
specific requirement for L-proline, and from strains 
E5041, 44207 and 51506T6 which will grow with 
any one of the above amino-acids and also with 
a-amino-5-hydroxyvaleric acid or glutamic y- 
semialdehyde (Srb, Fincham & Bonner, 1950; also 
unpublished results of Dr A. M. Srb and the author). 
The amount of enzyme activity in each case was 
about the same as that obtained from the wild-type 
E5297. Washed pads of intact mycelium of strains 
E5297, 21863, 27947, 21502, 34105 and 29997 were 
all found to be active in carrying out the reaction. 


DISCUSSION 


There seems to be good evidence for the following 
picture of the ornithine transaminase reaction. The 
5-amino group of ornithine is transferred to a-keto- 
glutaric acid to give glutamic acid and, initially, 
glutamic y-semialdehyde. The last compound is, at 
the pH of the experiments, in equilibrium with 
Al-pyrroline-5-carboxylic acid through spon- 
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extracts into another substance which must be very 
closely related to it since it also will serve as a 
proline precursor for Esch. coli. Possibly this sub- 
stance might be A?-pyrroline-5-carboxylic acid, 
which might give the same addition product with 
ethanol (Vogel & Davis, 1952) as the At compound 
and thus be indistinguishable from it on an ethanol 
chromatogram. This point needs further investiga- 
tion. At least one of the substances into which 
ornithine is transformed must have acidic pro- 
perties to account for the displacement of carbon 
dioxide from bicarbonate buffer during the reaction. 

The existence of an enzyme system transdeami- 
nating ornithine in the 5-position was to be expected 
from the work of Stetten (1951) who fed Dzi- 
ornithine, labelled with ©N in the «- or §-amino 
groups, to mice. It was found that much of the 
a-nitrogen appeared in the proline and hydroxy- 
proline of the tissue proteins, and less in glutamic 
and aspartic acids. The $-nitrogen, on the other 
hand, contributed more to glutamic acid and little 
to proline. 

It is interesting to consider the Newrospora 
ornithine transaminase system in relation to the 
following scheme, put forward by Shemin & 
Rittenberg (1945), to account for the practically 
equal labelling of the «- and §-amino groups of the 
ornithine derived from the tissue arginine of rats fed 
with [*N] glycine. 


—2H 
Proline ————> a-keto-d-aminovaleric acid ————> ornithine 


+ H,0 


+2H 


+ NH, 

+2H 
—2H 
+ H,0 
— NH; 


A!-pyrroline-5-carboxylic acid <————._ glutamic y-semialdehyde 


taneous, though evidently reversible, ring closure. 
The further transformation of a large part of the 
initial product of the reaction accounts for the 
observed equilibrium position being towards the 
glutamate side and away from ornithine. When o- 
aminobenzaldehyde is added to trap the A?- 
pyrroline-5 carboxylic acid, probably by formation 
of the dihydroquinazolinium compound (see Vogel & 
Davis, 1952), the transfer of the 5-amino group of 
ornithine goes to completion. The same enzyme pre- 
parations will catalyse the formation of ornithine 
from glutamic y-semialdehyde in the presence of 
glutamate, and it seems highly probable that the 
same enzyme is involved as in the reverse reaction. 
The chromatographic behaviour of reaction mix- 
tures suggests that the A1-pyrroline-5-carboxylic 
acid may be partially transformed by Neurospora 
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glutamic acid 


If an ornithine transaminase similar to that of 
Neurospora occurs in animals, which seems likely 
from the work of Quastel & Witty (1951), the part of 
the cycle from ornithine to pyrrolinecarboxylic acid 
is accounted for. The postulated mechanism for the 
conversion of proline to ornithine is still hypo- 
thetical. «-Keto-5-aminovaleric acid is known as 
the oxidation product of D-proline in the presence of 
mammalian D-amino-acid oxidase (Krebs, 1939), 
but has not yet been implicated in the metabolism of 
L-proline. It seems probable, however, that there is 
some mechanism for the biosynthesis of ornithine 
other than the reversal of the ornithine trans- 
aminase reaction, since the Neurospora mutants 
which require ornithine, citrulline or arginine for 
growth show a normal amount of ornithine trans- 
aminase activity. This seems to imply that the 
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ornithine transaminase system alone is not adequate 
as an ornithine-synthesizing mechanism in vivo. 
Possibly one of the steps in the hypothetical part of 
the above cycle is deficient in these mutants. 

The conversion of A!-pyrroline-5-carboxylic acid 
to proline certainly occurs in Esch. coli and Neuro- 
spora since either of these compounds will satisfy 
the growth requirements of certain mutant strains 
of both organisms. The Esch. coli mutant 55-1 and 
the Neurospora crassa mutant 21863, both of which 
require proline specifically, are presumably unable 
to carry out this conversion. Taggart & Krakaur 
(1949) have concluded that L-proline is oxidized by 
the mammalian cyclophorase system by way of 
glutamic semialdehyde, and the reactions con- 
necting these two compounds may be freely re- 
versible. 

SUMMARY 


1. An enzyme present in extracts of Neurospora 
crassa mycelium transfers the 5-amino group of L- 
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ornithine to «-ketoglutaric acid with the formation 
of glutamic acid and glutamic y-semialdehyde. The 
latter compound is partly converted, probably 
spontaneously, to A‘-pyrroline-5-carboxylic acid, 
and there is some evidence that this is in enzyme- 
catalysed equilibrium with another closely related 
compound. 

2. If o-aminobenzaldehyde is added to trap the 
A}-pyrrolinecarboxylic acid the reaction goes to 
completion; otherwise, under the conditions of the 
experiments, it comes to equilibrium with about 
80% of the ornithine deaminated, starting with 
equimolar amounts of ornithine and «-ketoglu- 
tarate. 

3. Evidence has been obtained for the synthesis 
of ornithine from glutamic y-semialdehyde and 
glutamate by the same enzyme preparations. 

4. Both mycelial extracts and intact mycelium of 
mutant strains of Neurospora having a growth 
requirement for ornithine showed a normal amount 
of ornithine transaminase activity. 
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Partition Chromatography of Insulin and Other Proteins 


By R. R. PORTER 
National Institute for Medical Research, Mill Hill, London, N.W.7 


(Received 12 


A method for partition chromatography of ribo- 
nuclease has been described in which use is made of 
two-phase mixtures prepared from ammonium 
sulphate, ethylene glycol monoethyl ether (cello- 
solve) and water with kieselguhr as support for the 
stationary phase (Martin & Porter, 1951). Further 
investigation of phase mixtures of a similar type, 
but using other glycol ethers and a variety of 
inorganic and organic solutes, has shown that a con- 
siderable number of such systems can be produced. 
Many of these are suitable for the partitioning of 
proteins and in some cases they may be adapted for 
successful partition chromatography. This paper 
describes the difficulties inherent in the technique 
and its particular application as a method of 


June 1952) 


isolation or assay for insulin. Brief descriptions of 
the method have already been given (Porter, 
1952a, b). 


EXPERIMENTAL 


Materials 


All the glycol ethers used were redistilled after addition of 
SnCl, using a good fractionating column. The oaly criterion 
of purity used was that there should be minimal absorption 
at 280 mp. 

The kieselguhr was Hyflo Super-Cel obtained from Johns- 
Manville Co. Ltd., Artillery Row, London, S.W. 1. It was 
allowed to stand overnight in 2N-HCl, washed with water 
until free of chloride and dried at 110°. Silane-treated 
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Hyflo was prepared as described by Howard & Martin 
(1950). All insulin samples used from the most crude to the 
five-times-recrystallized material were generously supplied 
by Boots Pure Drug Co. Ltd., Nottingham. 


Methods 


Protein concentration in the effluent was measured by 
absorption at 275 or 280 mu. in a Unicam spectrophoto- 
meter using a 1 cm. cell. An insulin solution containing 
1 mg./ml. has an extinction coefficient (log I,/Z), in a 1 em. 
cell, of 1-0. 

Insulin assay was made using the mouse convulsion test. 
The procedure adopted was to use four groups of twenty-four 
mice, one group of high and one of low dose (low dose = half 
high dose) for test, and two similar groups for standard. The 
mice were kept in glass jars in a cabinet maintained at 30°. 
Three such lots of ninety-six mice constituted one assay. 
A critical discussion of this well established technique has 
recently been given by Smith (1950). 

Qualitative tests for the hyperglycaemic glycogenolytic 
factor were carried out by following the blood-sugar level in 
rabbits, or alternatively by the rabbit liver-slice method 
described by Sutherland & Cori (1948). Phase diagrams 
were prepared as previously described (Martin & Porter, 
1951) by titration of the aqueous salt solution with organic 
solvent to the first sign of opalescence. It should be em- 
phasized that these diagrams are approximate, though 
adequate for the purpose required. 

Preparation of the column. If the organic-solvent phase is 
to be kept stationary, silane-treated Hyflo is used as support, 
and if the aqueous phase is stationary, acid-washed Hyfio is 
used. The only exception is the (NH,),SO,-cellosolve-water 
system, where Hyflo is preferentially wetted by the organic 
phase. The reason for this exceptional behaviour is not 
known. 

In certain systems, notably cellosolve-phosphate, the 
slurry obtained with silane-treated silica is very frothy and 
it is impossible to pack a column satisfactorily. If, however, 
5-10% (v/v) of ethylene glycol monobutyl ether (butyl 
cellosolve) is added to the cellosolve before use, the foaming 
is eliminated without significant effect on the phase system. 

When the column is packed, it is frequently observed that 
the effluent has a higher absorption at 280 my. than would 
be expected. This falls off rapidly and is presumably due to 
the washing from the column of impurities absorbing in this 
range. Hence it is normal practice to allow the moving 
phase to run through columns for a short time before adding 
the protein solution. 

The rate of flow of solvent through columns is not critical, 
but the head is usually adjusted so that no more solvent than 
is equivalent to half the volume of the column flows through 
in | hr. 


RESULTS 
Chromatography of insulin 


Insulin is an exceptionally stable protein which is 
soluble in aqueous solutions containing high con- 
centrations of organic solvents and yet is easily 
thrown out of solution by the addition of small 
amounts of salt. This rather unusual combination of 
properties makes it a simple protein to handle with 
this type of partition chromatography, and there is 
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little doubt that suitable phase systems other than 
those described here could also be found. 

System 1. The butyl] cellosolve-phosphate system 
(Fig. 8) was first investigated and a suitable phase 
mixture found which had the following composition : 
83 ml. water, 45-5ml. butyl cellosolve, 10 ml. 
2-5M-potassium phosphate (pH 7-6). 

In all these mixtures the insulin is more soluble in 
the upper phase and hence this is the stationary 
phase, silane-treated silica being used as support. 
On such a column crystalline insulin gave a single 
main active peak together with trace inactive peaks. 
When the mother liquor left after the first. crystal- 
lization of insulin in the industrial preparation was 
chromatographed the result shown in Fig. 1 was 
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Fig. 1. Chromatography of protein in mother liquor from 
first crystallization of insulin (20mg. dry matter). 
System : 83 ml. water, 45-5 ml. butyl cellosolve and 10 ml. 
2-5m-potassium phosphate (pH 7-6). Column made with 
10 g. silane-treated silica in tube 1-1 cm. int. diam. 


obtained. This material contained about 5% of 
insulin and on the column this was obtained as a 
peak well separated from the impurities. Much 
impurity remained stationary at the top of the 
column and did not appear in the chromatogram. 

The insulin travelled at R=0-8, and it was con- 
sidered desirable to investigate its behaviour in 
other systems where it ran more slowly. The butyl 
cellosolve mixtures are rather difficult to handle 
because of their temperature lability. 

System 2. A similar system employing phosphate 
at pH 7-6, but using a mixture of ethyl and butyl 
cellosolves, was next examined. That finally chosen 
was as follows: 15 ml. 2-5M-potassium phosphate 
(pH 7-6), 13 ml. water, 5-33 ml. ethyl cellosolve and 
2-67 ml. butyl cellosolve. 

This mixture is also temperature-labile, but to a 
much less marked degree than when buty] cellosolve 
alone is used. Satisfactory chromatograms may be 
run without special precautions to control the 
temperature. The partition coefficient of insulin in 
this system is 25:1 in favour of the upper phase and 
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R=0-15. A diagram obtained using five-times- os 
recrystallized insulin is shown in Fig. 2. 2 
If the efficiency of this column (6g. silica; = S 04 
int. diam. 1-1 cm.) is calculated according to the ns 
formulae derived by James & Martin (1952) it is % ¢ 03 Insulin 
found to be equivalent to 400 plates in a counter- c- 
current extraction process, and yet, in spite of this 2 5 02 
high resolving power, the insulin peak appears to be 85 
homogeneous. It is possible that small amounts of < 3 
impurities were present which were not eluted. 7 0 
When working with a very slow-moving peak such 0... 33 @., 6 4.64 2 


as this, particular care is necessary in the packing of 
the column to free it entirely from air bubbles and to 
ensure evenness. If this is not done, distortion of the 
peak occurs and this distortion is not, of course, 
reproducible from one column to the next. 
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Fig. 2. Chromatography of five-times-recrystallized in- 
sulin (5mg.). System: 13 ml. water, 5-33 ml. ethyl 
cellosolve, 2-67 ml. butyl cellosolve, 15 ml. 2-5m-potas- 
sium phosphate (pH 7-6). Column made with 6 g. silane- 
treated silica in tube 1-1 cm. int. diam. 


It was observed with this system and also with the 
acid phosphate system to be described, that slight 
stripping of the stationary phase from the column 
occurred. This is possibly associated with the 
temperature lability of these systems, but it is so 
slow as to have no effect on the chromatogram. If, 
however, the same column was used a second time 
the R values of the insulin and impurities increased, 
indicating that partition was being effected over a 
portion of the column only, usually 70-90 % of the 
full length. 

System 3. In a further attempt to resolve the 
insulin peak a system employing mixed ethyl and 
butyl cellosolves but using sodium dihydrogen 
phosphate and phosphoric acid to give pH 2-5 or 3 
was devised. Such a system has the additional 
advantage that if crude pancreatic extracts are 
being handled there is less risk of proteolytic 
degradation at an acid pH. If large-scale prepara- 
tive work were envisaged with such a system it 
would be preferable to correlate the rate of loss of 
insulin with the pH of the pancreatic extract and 
choose that in which the loss was minimal. 


Vol. of effluent (ml.) 


Fig. 3. Chromatography of crude insulin A (10 mg.). 
System: 15 ml. water, 6-67 ml. ethyl cellosolve, 3-33 ml. 
butyl cellosolve, 9 ml. 5M-NaH,PO, (+H,PO, to pH 3). 
Column made with 6g. silane-treated silica in tube 
1-1 cm. int. diam. 
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Fig. 4. Chromatography of crude insulin B (10 mg.). 
Solvent system and column as in Fig. 3. 
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Fig. 5. Chromatography of crude insulin C (100 mg.). 
Solvent system as in Fig. 3. 50 g. silane-treated silica in 
tube 2-3 cm. int. diam. 


The mixture chosen was as follows: 9 ml. 5M- 
sodium dihydrogen phosphate adjusted by addition 
of phosphoric acid to pH 3, 6-67 ml. ethyl cellosolve, 
3-33 ml. butyl cellosolve, 15 ml. water. 
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Using this system a series of crude insulin pre- 
parations obtained from different stages in the 
industrial preparation was examined. The first step 
in insulin manufacture is the extraction with 
acidified ethanol of minced pancreas. The materials 
chromatographed were the total protein from the 
second (crude insulin A), the third (crude insulin B) 
and the fourth (crude insulin C) steps in the process. 
As received, crude insulin A contained 70% of salt, 
which was removed by dialysis against 0-01N- 
hydrochloric acid at 2°, the bag contents being 
freeze-dried. The chromatogram obtained with this 
material is shown in Fig. 3. In all three solvent 
systems much inactive material remained on top of 
the column, presumably because it was either in- 
soluble in the moving phases or had a very high 
partition coefficient in favour of the stationary 
phases. The insulin content of fraction A, caleu- 
lated from the area of the insulin peak, was 8-5 or 
2-8 % of the total sample before removal of salt by 
dialysis. 

Fig. 4 shows the chromatogram obtained with the 
crude insulin B. No dialysis was necessary and this 
sample was found to contain 12-5% of insulin. 
Fig. 5 shows the result with crude insulin C and 
there is now 37% of insulin. It can be seen that 
from step 3 to step 4 the fast-running impurity has 
been eliminated. 

The great difference between the rate of move- 
ment of the insulin (R=0-38) and all impurities 
which were stationary or ran fast indicates the high 
selectivity of this system. For preparative use, mis- 
handling of the column, due to poor packing, over- 
loading or pronounced temperature changes, does 
not prevent the isolation of a pure product, though 
the insulin peak will of course be spread or distorted. 

Biological assay of insulin peaks. Qualitative 
tests for insulin activity in the different fractions 
from the columns were made by injecting twelve 
mice according to the method described and at 
increasing concentrations. In all tests, convulsions 
were produced only when the main insulin peak was 
used and there was no evidence of hypoglycaemic 
activity among the other fractions. 

A number of assays were made on the insulin 
peak and the results obtained with a series of crude 
insulins obtained by fractionation with system 3 
are given in Table 1. For these assays the effluent 
fractions corresponding to the whole peak were 
collected, pressure-dialysed and freeze-dried. For 
preparative work precipitation of the insulin by 
adjusting the pH to 5 would be preferable, but for 
the present purpose it was desired to avoid any 
possibility of purification subsequent to collection 
from the column. Similar assay results were ob- 
tained if the effluent was used directly, as the dilu- 
tion required is so great as to eliminate undesirable 
effects of the solvent and salt in the lower phase. 
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It would appear that in all cases the insulin 
obtained from the column had an activity of about 
24 i.u./mg. and hence was of similar activity to the 
International Standard 1952 (Miles, Musset & 
Perry, 1952). 


Table 1. Assay of insulin peaks from columns 


Insulin activity found 





(i.u./mg.) 
‘ 2 7. 
Material used Mean Range 
Crude insulin A 24 18-29 
Crude insulin B 25 20-30 
Crude insulin C 26 20-32 
Crude insulin C* 23-8 21-4-26-2 


* Assay by Burroughs Wellcome. 


Recovery of insulin from the column. Direct com- 
parison of the insulin content of crude samples as 
estimated by this technique with that found by 
biological methods is not possible since biological 
assay is unsatisfactory when the test material is of a 
much lower potency than the standard. However, 
the weight recovered when pure insulins are 
fractionated and the increase in size of the peak 
when pure insulin is added to the crudest material 
available have been measured. Pure insulin, both 
a five-times-recrystallized sample, and material 
purified on the column have been used, and it can be 
seen from Table 2 that they give slightly different 
results. 


Table 2. Recovery of insulin from columns 


(Estimation by absorption at 275 my. Solvent system 3. 

6 g. of silane-treated Hyflo were used in a tube of 1-1 cm. 
int. diam.) 

Recovery of 


Material used added insulin 


(%) 
Crystalline insulin (5 mg.) 81 
Crystalline insulin (5 mg.) + crude insulin 86 
(10 mg.) 
Chromatographically purified insulin (5 mg.) 97 
Chromatographically purified insulin (5 mg.) 92 
+ crude insulin (10 mg.) 
With insulin previously purified chromato- 


graphically the recovery is near 100%, but with 
crystalline insulin it is some 10% less. This is 
possibly due to small amounts of impurity in the 
latter, as at least 5% could be present without 
significant effect on the biological assay, in which it is 
difficult to reduce the error below 10%. 

Further confirmation of the nearly quantitative 
recovery of insulin from these chromatograms was 
obtained from the insulin content of the three crude 
samples, described earlier. Estimation by the 
manufacturers, based on calculation of the yield 
finally obtained, was in good agreement with that 
found chromatographically. 
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The hyperglycaemic-glycogenolytic factor. When 
tested using the rabbit liver-slice method (Suther- 
land & Cori, 1948), the insulin isolated from the 
column showed little glycogenolytie activity when 
300 ug. were used in each assay. It will be observed, 
however, in Fig. 5, where the chromatogram ob- 
tained when 100 mg. of crude insulin have been run 
on a 50g. column is shown, that there is a small 
peak (about 1% of the area of the insulin) running 
faster (R=0-5) than the insulin (R=0-38). This 
material was collected, pressure-dialysed, freeze- 
dried and tested for glycogenolytic activity. 
Although the assay could not be reduced to a 
satisfactory quantitative basis, it was apparent in 
parallel experiments that this minor component 
was some 100 times more effective than insulin in 
stimulating glycogen breakdown. It is possible that 
this small peak represents the pure hyperglycaemic- 
glycogenolytic factor, though isolation in weighable 
amounts and more careful study will be necessary to 
establish this. 


Anomalous chromatographic behaviour 
observed with certain proteins 


Although insulin behaved throughout in a satis- 
factory manner when fractionated chromato- 
graphically, work with other proteins has shown that 
anomalous behaviour is occasionally met. 

Ribonuclease. It has previously been reported 
(Martin & Porter, 1951) that beef pancreatic ribo- 
nuclease when chromatographed in the ammonium 
sulphate-cellosolve system showed one main peak 
and one small peak, both of which were enzymically 
active. It has since been observed that ribonuclease 
from pig pancreas shows only one such peak, whilst 
in that from foetal calf pancreas the minor com- 
ponent is present only in trace amounts. 

During partial-hydrolysis studies of beef pan- 
creatic ribonuclease, it was found that after the 
addition of pepsin or carboxypeptidase (Fig. 6) new 
enzymically active peaks appeared. The proteolytic 
enzymes were added in approximately 1% of the 
weight of ribonuclease. These new peaks were first 
considered to be a degradation product of the 
ribonuclease which retained activity, but this view 
had to be abandoned for the following reasons: 

(1) The original enzyme has one N-terminal 
lysine residue as estimated with fluorodinitro- 
benzene. The new compounds isolated after treat- 
ment with pepsin or carboxypeptidase again show 
only lysine as N-terminal residue but in significantly 
smaller quantity. 

(2) With both proteolytic enzymes the formation 
of the new compounds is very rapid at a pH un- 
favourable to digestion. Thus carboxypeptidase 
and ribonuclease may be dissolved in the lower 
phase (pH 5) and immediately run on a column. 
The main enzymically active peak again travels at a 
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characteristically slower rate than the original and 
there is no trace of the original peak. The rate of 
movement of the small peak is unaltered. 

(3) When the carboxypeptidase-treated enzyme 
from the column was collected and dialysed over 
several days a precipitate eventually appeared 
which had carboxypeptidase activity. It is pre- 
sumed that digestion had continued as far as 
possible and that the carboxypeptidase then dis- 
sociated, and, owing to its insolubility in salt-free 
water, precipitated. 
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Fig. 6. Chromatography of ribonuclease. System: 20g. 
(NH,),SO,, 20 ml. ethyl cellosolve and 56 ml. water. 
6 g. silica in tube 1-1 cm. int. diam. (a) 5 mg. beef ribo- 
nuclease. (b) 7 mg. beef ribonuclease + 0-1 mg. carboxy- 
peptidase. 


This would appear to be an example of an enzyme- 
substrate complex which in chromatographic 
behaviour simulated a single component. 

Bovine serum albumin and penicillinase. These 
proteins could be chromatographed in an apparently 
satisfactory manner, but on further examination 
showed anomalous behaviour which has not been 
satisfactorily explained. Crystalline bovine serum 
albumin when fractionated using phase mixtures 
prepared from water, potassium phosphate (pH 7-6) 
and ethyl and butyl cellosolves revealed a main 
double peak together with trace components moving 
rapidly. The main peaks were never fully resolved, 
and their relative size changed considerably from 
one chromatogram to the next. Crude penicillinase 
was the freeze-dried culture filtrate from Bacillus 
cereus which had been grown on casein hydrolysate 
to which 1% gelatin: had been added in order to 
stabilize the enzyme. This material could be 
fractionated successfully using phase mixtures of 
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ammonium sulphate, water and ethyl cellosolve at 
2°. When the enzymic activity of the ettluent 
fractions was assayed, a sharp single peak was 
found, the specitic activity of which was 10-15 
times greater than that of the origmal material. 
However, the rate of movement of the enzymically 
active material varied from K=0-3 to #=0-6 for 
different enzyme preparations, though the same 
phase system was used. It is possible that in both 
cases some type of association-dissociation pheno- 
menon was responsible for the erratic behaviour. 


DISCUSSION 
Choice of phase mixture 
The choice of phase mixture when applying this 
type of chromatography to a protein is influenced by 
two major difficulties which have to be overcome. 

(1) Denaturation of the protein. The risk of de- 
naturation arises from two causes. 

(a) Denaturation by organic solvent. Though there 
are notable exceptions, most proteins are denatured 
when organic solvents are added to their aqueous 
solution in sufficient concentration and at room 
temperature. However, it has been observed that 
glycol ethers, as a class, have relatively little 
denaturing power with all the proteins examined. 
For example, human y-globulin will remain in 
solution in 50% (v/v) aqueous cellosolve at room 
temperature for some days without any apparent 
decrease in solubility at its isoelectric point. There 
will no doubt be exceptions to such behaviour and if 
met they may be avoided by working at — 5°. The 
change in tempeiature may alter the phase diagram 
of the system, but in few cases has the stability of 
the system been found to change. Hence, de- 
naturation by the organic solvent should rarely be 
met and should be avoidable if it does occur. 

(b) Surface denaturation of the protein following 
adsorption. In this type of system there are three 
interfaces at which the protein could be adsorbed 
with the possibility of subsequent denaturation. 
These are the solid-liquid interfaces between the 
stationary phase or the moving phase and the 
supporting kieselguhr, and the liqud-liquid interface 
between the stationary and moving phases. If 
adsorption at the solid-stationary phase interface 
occurred it should be readily detected by allowing 
a solution of the protein in the stationary phase to 
run through a column prepared with this phase 
alone. In cases where this has been done the protein 
has always appeared at the liquid front in the eluate 
indicating that adsorption at the solid-liquid inter- 
face did not occur. 

Test for adsorption at the liquid-liquid or solid- 
moving phase interfaces can be made by comparing 
the rate of movement of the protein down the 
column with the rate calculated from the partition 
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coefficient of the system according to the formulae of 
Martin & Synge (1941). In the case of insulin with 
the phase system described, the agreement between 
the found and calculated values was good. With 
ribonuclease and most other proteins examined the 
rate of movement found was significantly lower than 
the calculated value and hence adsorption at one 
or both of these interfaces is probably occurring. 
Increasing the salt concentration of the system 
increases the adsorption sometimes to a very 
marked degree. Thus when rabbit y-globulin was 
partitioned between a system composed of diethy- 
lene glycol diethyl ether (diethy! carbitol), mag- 
nesium sulphate and water to give a partition 
coefticient of 3:1, the protein had an F value (0-7) 
close to that calculated (0-75). However, if the 
partition coefficient was raised to 5:1 by moving 
away from the plait point, it was found that the rate 
of movement of the protein on the column dropped 
sharply and only half the material put on was 
recoverable in the eluate. It is probable that the 
increased salt concentration had greatly increased 
the adsorption at the liqud-liquid interface and that 
in this case adsorption had been followed by de- 
naturation. A somewhat similar phenomenon was 
observed with crotoxin (Fraenkel-Conrat and 
Porter, unpublished) where a very small increase 
in salt concentration (1—2 %) of the system changed 
the chromatographic pattern from a sharp peak to a 
long trail. In this case denaturation was confirmed 
by the loss of the toxicity of the protein to mice. 
Crotoxin is relatively stable to most common 
methods of denaturation, and it appears that 
occurrence of adsorption is as unpredictable as is the 
denaturation which occasionally follows. If ad- 
sorption is not followed by denaturation it may well 
contribute to the resolving power of the system. 
(2) Choice of phase system with a suitable partition 
coefficient. Another difficulty of the method is the 
choice of a phase system which will give a sufficiently 
large partition coefficient and yet maintain a high 
enough solubility of the protein in the phase in 
which it is least soluble (i.e. the moving phase). It is 
desirable that a protein should be examined on 
columns using a variety of phase mixtures in which 
the rate of movement varies considerably, and in 
practice greater resolving power appears to be 
associated with lower values of R (say 0-1—0-4). 
Such values necessitate a partition coefficient of 
10: 1—40:1 if no adsorption is occurring (Martin & 
Synge, 1941). If the protein concentration in the 
eluate is to be followed by measurement of ab- 
sorption at 280 mu. it is necessary that the protein 
should have a minimum solubility of 1 mg./ml. 
These two requirements are often incompatible, and 
only trial and error can establish the most satis- 
factory systems to use. There are of course some 
systems, the use of which for certain proteins can be 
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immediately excluded. Thus, in the cellosolve 
ammonium sulphate-water system the concentra- 
tion of salt in the lower phase always exceeds 20%, 
and it therefore cannot be used for y-globulin which 
is insoluble in such a salt concentration. 

A considerable variety of phase systems have now 
been studied and three distinct types found, 
examples of which are shown in Figs. 7-9. It is 
apparent that the phosphate-cellosolve system 
could be used only for proteins soluble in strong salt 
solution. As sodium dihydrogen phosphate and 
potassium monohydrogen phosphate give similar 
phase diagrams it is possible to work with a stable 
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pH over a wide range. The system with phosphate 
and butyl cellosolve is suitable for proteins soluble in 
solutions with a high concentration of organic 
solvent. As the plait point occurs in the flat part of 
the curve small changes in composition greatly alter 
the composition of the two phases. All systems 
containing butyl cellosolve are temperature-labile, 
and control of the room temperature within 1 or 2° is 
essential. 

The magnesium sulphate-diethyl carbitol system 
is most suitable for globulin type proteins which are 
easily thrown out of solution by organic solvent or 
salt. The salting-out effect may be decreased by the 
use of salts such as sodium chloride or calcium 
chloride (see Edsall, 1947). Such salts, however, are 


less effective in producing two phases with the 
glycol ethers and water. 

Other organic solvents which have been used 
successfully in these systems are: diethylene glycol 
monobuty] ether (butyl carbitol), diethylene glycol 
monoethy] ether acetate (carbitol acetate), ethylene 
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glycol monomethy] ether acetate (methy1 cellosolve 
acetate). 

Many different solutes have been investigated 
which, in sufficient concentration, cause two phases 
to be produced when added to water and one of the 
solvents mentioned. Among the inorganic salts a 
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Fig. 8. Phase diagram of the system K,HPO,-KH,PO, 
(pH 7-6), water and butyl cellosolve at 21°. 
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Fig. 9. Phase diagram of the system MgSO,, water and 
diethyl] carbitol at 18°. Arrow indicates position of plait 


point. 


high water solubility is essential or they are thrown 
out of solution and two phases are not produced. 
Of the organic solutes only those with a very low 
ethanol and high water solubility can be used. 
Examples are sucrose, glycine and other amino- 
acids, and the salts of organic acids such as calcium 
or barium acetate and formate. 





953 


lve 


ted 
ses 
the 
sa 








Vol. 53 


Mixtures of the solvents or solutes may be made to 
give phase systems with intermediary character- 
istics. Solvents such as acetone, which absorb 
strongly in the ultraviolet, make the measurement 
of protein concentration more difficult. The glycol 
ethers, as purchased, frequently absorb in this range 
owing to impurities, and it is necessary to redistil 
(after addition of a reducing agent to remove 
peroxides). If this purification is not done, some 
proteins appear to adsorb these impurities, as shown 
by a decrease in the protein-absorption ratio at 
280-260 muy. 


The range of the method 


It appears that the phase mixtures obtained with 
the glycol ethers, water and various inorganic and 
organic solutes can be used successfully to partition 
a considerable range of proteins. The principal 
reason for the success of these systems is that they 
can give rise to immiscible phases both of which 
have a high water content. In the diethyl carbitol- 
magnesium sulphate system (Fig. 9) near the plait 
point both phases contain more than 75% water. 
If, instead of chromatography, counter-current 
distribution was used, some of the difficulties which 
have been met could probably be avoided, but others 
such as the very slow separation of the phases when 
close to the plait point would probably arise. If 
chromatography is successful the effort required to 
achieve comparable resolving power is much less 
than in counter-current methods. 

The following proteins have been chromato- 
graphed using these systems, though in some cases 
detailed examination has not been made: ribo- 
nuclease from beef, pig and foetal calf pancreas, 
avidin (Fraenkel-Conrat & Porter, unpublished), 
chymotrypsinogen, « and other chymotrypsins, 
trypsin, trypsin inhibitor and the complex (M. 
Green, private communication), penicillinase from 
B. cereus, bovine serum albumin. y-Globulin has 
been used but with only limited success and pre- 
liminary attempts with crotoxin were unsuccessful. 
When avidin was used the deoxypentosenucleic 
acid present (Fraenkel-Conrat, Ward, Snell & 
Ducay, 1950) was separated from the protein, each 
travelling as well separated peaks. Indiffusible 
commercial preparations of yeast nucleic acids were 
subsequently found to give satisfactory chromato- 
grams showing several components. 

It is probable that this technique could be ex- 
tended to a variety of proteins, though the choice of 
asatisfactory phase system, which is largely a matter 
of trial and error, may be tedious. If a new protein 
is to be examined, it is desirable to know its pH 
stability and the concentration of salt and organic 
solvent which precipitate it from solution. These 
data are a useful guide in choice of the best system, 
but as unpredictable factors are also involved they 
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may in themselves be insufficient. In general, a 
system giving a partition coefficient of between 
5:1 and 10:1 has been found before chromato- 
graphy has been attempted. If a crude mixture is 
used, this partition is determined by measurement 
of the biological activity in each phase. 

In following the protein concentration in the 
effluent, measurement of the absorption at 275 or 
280 mu. is the most satisfactory, as no material is 
lost and the same effluent fraction is available for 
subsequent biological assay or isolation of the 
protein. This method is limited in that it depends on 
a sufficient content of the aromatic amino-acids in 
the protein examined and, particularly in work with 
partial hydrolysates, colorimetric and other methods 
would be needed. The high content of salt and 
solvent might cause difficulty in estimation and 
isolation, particularly if working with diffusible 
material, though they could possibly be removed by 
adsorption of the protein or polypeptide on carbon 
or other material. Tyrosine may be chromato- 
graphed successfully using ammonium sulphate, 
cellosolve and water. This may be taken as an 
indication that peptides could also be fractionated 
by this technique. 


Homogeneity of insulin 


Harfenist & Craig (1951) have reported that a 
sample of insulin (activity 27 i.u./mg.) when ex- 
amined by counter-current distribution between 
butanol and dichloroacetic acid showed two main 
peaks. A train of 220 equilibration cells produced 
a partial separation of the peaks, both of which had 
slightly lower activity than the original (26 and 
22 i.u./mg.). In the present work no evidence of 
such heterogeneity was observed, though the 
resolving power was equal or higher and three 
systems at acid and alkaline pH were used. It is 
particularly interesting that the crudest material 
still showed only one peak, suggesting that different 
active components have not been eliminated in the 
preparation. From the results with ribonuclease it 
is, however, possible that a protein complex could 
behave on several columns as a single component. 
Whatever the resolving power of this or any other 
method of testing protein homogeneity, the possi- 
bility will remain that under different circumstances 
the same protein may dissociate to give similar or 
dissimilar products. The biological assay of the 
insulin isolated from the column is as high as that 
reported elsewhere, and it may be concluded that 
under these conditions insulin behaves as a single 
entity. 

Use of chromatography for insulin assay 

From the figures given in Tables 1 and 2 it appears 


that all preparations used gave insulin components 
of consistent purity and that the yield is near 100%. 
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This method could therefore be used as a simple and 
rapid method of insulin assay, measurement of the 
area under the peak giving the insulin content of the 
sample used. In addition to speed and simplicity 
this method has an advantage over biological assay 
in that it appears to be as satisfactory for crude as 
for pure insulin. It would be equally possible to use 
this technique for preparative work, as a single step 
appears to be sufficient to obtain pure insulin from 
crude material. The maximum weight used with 
these columns so far has been 150 mg. crude insulin 
on a 50 g. column, but there is no evidence that this 
loading may not be raised. 


SUMMARY 


1. The preparation is described of liquid two- 
phase systems using a variety of glycol ethers, 
water and organic and inorganic solutes. These 
systems have been found to be suitable for par- 
titioning proteins. 
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2. Three such systems containing water, ethyl 
and butyl cellosolves and sodium or potassium 
phosphate have been used for the partition chro- 
matography of insulin. 

3. The insulin thus prepared from crude or 
crystalline material was of uniform activity of 
about 24i.u./mg. The recovery from the columns 
appeared to be near 100%. 

4. Throughout these chromatographic studies 
the insulin behaved as a single component. 

5. The inherent difficulties of the method and 
the range of applicability to other proteins are 
discussed. 


I wish to thank Dr W. Dickinson of Boots Pure Drug Co. 
Ltd., Nottingham, for the generous supply of all the insulin 
preparations used, Dr G. A. Stewart of Burroughs Wellcome 
Ltd. for the accurate assay of a sample of insulin from the 
column, and Dr A. J. P. Martin for many valuable dis- 
cussions during the course of this work. 
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The Isolation and some Chemical Properties of Viridicatin, 
a Metabolic Product of Penicillium viridicatum Westling 


By K. G. CUNNINGHAM AND G. G. FREEMAN 
Imperial Chemical Industries Limited, Nobel Division, Research Department, 
Stevenston, Ayrshire 


(Received 23 July 1952) 


Penicillium viridicatum was first described by 
Westling (1911); it was classified by Raper & Thom 
(1949) as a member of the P. viridicatum series, one 
of the features of which is the production of a strong, 
penetrating, mouldy or earthy odour. Smith (1942) 
states that it is often impossible to decide definitely 
whether a given strain should be called P. cyclopium 
or P. viridicatum, and suggests that ‘the best way of 
dealing with this group is to lump together all the 
blue-green and yellow-green strains with similar 
morphology as the P. cyclopium-viridicatum series’. 
The principal strain used in this work, our catalogue 


number F 22 and of unknown origin, corresponded 
closely in its characteristics with those described by 
Raper & Thom (1949) for P. viridicatum Westling. 
Members of the P. viridicatum series are of frequent 
occurrence upon decaying vegetation in contact 
with the soil. There are a number of reports of 
their isolation from stored grains. Koehler (1938) 
reported P. viridicatum capable of growing upon 
shelled maize at a moisture level of 17-6%. Seme- 
niuk & Barre (1944) found P. viridicatum to be the 
chief mould present on maize stored in steel bins in 
Iowa. Marchionatto (1942), working in Buenos 
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Aires, isolated P. viridicatum from maize infected 
with ‘mildew’. The strain was identified by Thom. 
The infected grain was reported to the Argentine 
Ministry of Agriculture as the cause of poisoning 
pigs and horses. Carbon balances of three strains of 
P. viridicatum Westling were reported by Birkin- 
shaw, Charles, Hetherington & Raistrick (1931), 
who found large amounts of ‘carbon unaccounted 
for’ in cultures in Czapek-Dox medium. No other 
biochemical studies on P. viridicatum have been 
reported. 

The mycelium of the mould grown in Czapek-Dox 
medium yielded on extraction with chloroform a 
crystalline compound for which the name viridicatin 
is proposed. Further extraction of the mycelium 
with ethanol gave a second product, mannitol, the 
yield being 3-4% by weight of the dry mycelium. 
Mannitol has been reported as a metabolic product 
of species of Aspergillus, Penicillium, Helmintho- 
sporium and Clasterosporum, and as the principal 
metabolic product of Byssochlamys fulva (Raistrick 
& Smith, 1933). The yield of viridicatin, although 
high in the initial experiments, later fell to a neg- 
ligible amount, which was not improved by varia- 
tions in the medium. Two other strains of P. 
viridicatum failed to yield viridicatin on several 
media. Viridicatin, m.p. 269°, is a colourless, 
crystalline compound, C,;H,,O,N, which does not 
contain carboxyl, methoxyl, carbon-methyl or 
nitrogen-methyl groups. No optical rotation could 
be detected in glacial acetic acid solutions of the 
pure compound. The infrared absorption spectrum 
of a Nujol suspension of viridicatin (Fig. 1) exhibits 
an intense band at 6-68 y., a wavelength character- 
istic of the carbonyl] group of an amide, but high for 
a ketonic carbonyl function. Additional bands in 
the regions 3-0 and 6-40. support a substituted 
amide structure, but these bands are of low in- 
tensity (Randall, Fowler, Fuson & Dangl, 1949). 
Bands at 6-16 and 6-68 uv. suggest a phenyl] nucleus, 
while the band at 6-34. suggests further conjuga- 
tion. No absorption clearly due to a hydroxyl 
group could be detected. Attempts to prepare a 
carbonyl derivative of viridicatin failed. On the 
other hand, the compound reacted readily with 
benzoyl chloride in pyridine to yield a monoben- 
zoate. Since no picrate, methiodide or hydrochloride 
of viridicatin could be isolated it was concluded that 
this acylation involved a hydroxyl] rather than an 
amino group. Furthermore, treatment of viridi- 
catin with dilute or concentrated aqueous sodium 
hydroxide solution yielded a monosodium salt, 
which was reconverted to viridicatin by the action 
of mineral acid or carbon dioxide. An aqueous 
solution of the salt rapidly deposited crystalline 
viridicatin on exposure to the atmosphere. The 
sodium salt also reacted readily with p-phenyl- 
phenacyl bromide to yield the corresponding 
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derivative, and these indications of a phenolic 
function in solutions of viridicatin were supported 
by the fact that a deep-red colour was produced 
when the sodium salt of viridicatin was allowed to 
react with diazotized sulphanilic acid, whilst a dilute 
ethanolic solution of viridicatin gave an intense, 
permanent, green colour with neutral aqueous, 
ferric chloride solution. The sodium salt of viridi- 
catin is strongly alkaline and the potentiometric 
titration of an aqueous solution of the salt with 
dilute hydrochloric acid gave the pH of half- 
neutralization of the salt as 9-95. Viridicatin is 
therefore a very weak acid. 


Transmission (%) 





Fig. 1. Infrared absorption spectrum of viridicatin; mull 
in Nujol. 


Although some of the properties of viridicatin are 
very similar to those of a betaine-like structure, 
such as that attributed to 5-hydroxyacridine 
(Lehmstedt, 1935), the evidence, other than that of 
the infrared spectrum, suggests the presence of a 
normal phenolic hydroxyl group. That this in- 
ference is correct was established when the sodium 
salt of viridicatin was found to react with methyl 
iodide to yield methylviridicatin, in which the 
methyl group is attached to the nucleus by an 
oxygen atom and not by a nitrogen atom as it is in 
the corresponding derivative of a structure of the 
5-hydroxyacridine type. The same product was also 
isolated from the reaction of the silver salt of viri- 
dicatin with methyl iodide. The ultraviolet ab- 
sorption spectra of viridicatin and methylviridicatin 
(Fig. 2) exhibit an intensification of absorption 
at a region (3200 A.) frequently associated with 
phenolic or phenyl ether absorption (Friedel & 
Orchin, 1951), although the bathochromic effect of 
the maximum of the methy] derivative in this region 
is associated more with N-alkylation. The absorp- 
tion of viridicatin in 0-1N-sodium hydroxide solu- 
tion, pH 11 (sodium viridicatin), is markedly 
altered and the intensity and wavelength range of 
absorption of these three compounds suggest a 
highly conjugated nucleus. 





330 

Viridicatin contains two active hydrogen atoms, 
one of which is accounted for by the hydroxy] group. 
The presence of a cyclic amide group, inferred from 
the infrared absorption spectrum, may account for 
the other, and also for the high melting point and 
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Fig. 2. Ultraviolet absorption spectra of viridicatin in 
ethanol (A); in aqueous sodium hydroxide (B); and 
methylviridicatin in ethanol (C). 
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Fig. 3. Ultraviolet absorption spectrum of chloro- 
viridicatin in ethanol-chloroform. 
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Fig. 4. Ultraviolet absorption spectrum of oxyviridicatin 
in ethanol. 


stability of viridicatin. The substance is not 
attacked by a boiling solution of hydriodic acid in 
glacial acetic acid. It is not reduced by sodium in 
boiling ethanol, acidification of the solution yielding 
unchanged starting material; nor does its glacial 
acetic acid solution react with hydrogen in the 
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presence of reduced Adams’s catalyst at atmo- 
spheric temperature and pressure. Viridicatin is 
stable to phosphorus oxychloride at 140°, but at 
180° decomposition occurs. With thionyl chloride, 
however, an oxygen and hydrogen atom are replaced 
by halogen. The ultraviolet light absorption of the 
compound is shown in Fig. 3. The product isolated 
from the addition of bromine to a glacial acetic acid 
solution of viridicatin is a dibromo compound in 
which one hydrogen atom and one hydroxy] group 
appear to have been replaced by halogen. The 
metabolic product is readily oxidized by dilute 
nitric acid to yield oxyviridicatin (Fig. 4) as a yellow 
crystalline product which contains three active 
hydrogen atoms. 

Viridicatin shows no antibiotic activity against 
Escherichia coli, Bacillus subtilis, and Staphylo- 
coccus aureus (Micrococcus pyogenes, var. aureus). 
Our colleague, Dr C. T. Calam, has shown that the 
substance is active in vitro against Mycobacterium 
tuberculosis at a dilution of 1:15 000 but has no 
activity against Entamoeba histolytica. 


EXPERIMENTAL 


All melting points are corrected. Analyses are by Weiler aud 
Strauss, Oxford, and the Microanalytical Section, Imperial 
Chemical Industries Ltd., Nobel Division. 

Isolation of viridicatin. ‘Glaxo’ type culture flasks con- 
taining Czapek-Dox medium (5% glucose; 800 ml./fiask) 
were inoculated in batches of fifty flasks with a spore sus- 
pension of P. viridicatum and the cultures incubated at 25°. 
After 3-4 days the surface of the medium was covered by an 
unrestricted, heavily sporing felt and by the end of the 
second week tufts of white, non-sporing mycelium appeared 
on the surface of the mould. By the twenty-first day the 
average sugar concentration of the medium (as determined 
by a modification of the method of Munsen & Walker (1906, 
1912) in which Cu,O was estimated by the permanganate 
method of Bertrand (1906)) was less than 1 g./l., and the 
mycelium was collected, washed several times with water, 
air-dried (40°) and ground (150 g.). The mycelium was con- 
tinuously extracted with CHCl, in a Soxhlet type apparatus 
and viridicatin slowly separated from the hot CHCl, 
solution. The crude product (6-15 g., 4-1%), m.p. 240-260°, 
was crystallized twice from CHCl,, from which it separated 
as rods, m.p. 262—265°, contaminated with a small quantity 
of soft, dull plates. Repeated recrystallization from 
ethanol yielded viridicatin as lustrous needles, m.p. 269°. 
The compound is sparingly soluble in cold organic solvents 
and in dilute mineral acids, but is much more soluble in 
boiling, cone. HCl, from which it separates unchanged on 
cooling. It crystallizes from acetone, glacial acetic acid and 
ethylene glycol monomethy] ether as prisms. The compound 
is optically inactive, [«]}°° 0° + 2° in CHCl, (c, 1-0). A sample 
was dried at 80°/10-? mm. for 2 hr. over P,O;. (Found: 
C, 75-9, 75-9, 76-0; H, 4-6, 4-7, 4-7; N, 5-6, 5-8, 6-3; mol.wt. 
209, 274. C,,H,,0O,N requires C, 75-9; H, 4-7; N, 5-9%; 
mol.wt. 237.) 

Viridicatin was first isolated in 1948 from freshly har- 
vested, dried mycelium and high yields of the crude product 
were obtained. When chemical work on the substance was 
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resumed in 1951, freshly harvested batches of mycelium 
from the same strain (F22) gave only 0-1% of material, 
identical with that previously isolated. Enrichment of 
Czapek-Dox medium with thiamine hydrochloride (0-1 
p-p.-m.), calcium D-pantothenate (0-1 p.p.m.), inositol 
(0-1 p.p.m.) and biotin (0-0004 p.p.m.) using 400 ml. or 
800 ml./flask, gave a vigorous growth of the mould with no 
increase in the yield of viridicatin. The same results were 
obtained with beer-wort medium, and a range of media 
containing 2-5% glucose and 0-25-1-0% of Pronutrin (an 
enzymic casein hydrolysate). Furthermore, a culture of 
Raper & Thom’s reference strain (N.R.R.L. 963) of P. 
viridicatum Westling obtained from the Commonwealth 
Mycological Institute and another strain of P. viridicatum 
from the same source (I.M.I. 49162) both failed to yield 
viridicatin on various media. 

Viridicatin benzoate. Benzoylation of viridicatin (0-1 g.) 
in pyridine solution yielded an oil which was washed with 
water and dissolved in warm ethanol. Viridicatin benzoate 
separated slowly from the cooled solution as lustrous plates, 
and recrystallization from ethanol yielded large colourless 
plates, m.p. 180°. A specimen was dried at 80°/10-? mm. for 
lhr. (Found: C, 77-4, 77-5; H, 4-2, 4-2. C,.H,,;0,N requires 
C, 77-4; H, 4.4%.) 

Sodium salt. Viridicatin (0-18 g.) was suspended in 
aqueous NaOH (3 ml. of 7-5) and the mixture was warmed 
on a steam bath for 15 min. The opaque prismatic needles 
which separated on cooling were collected and dried in 
vacuo (0-19 g.), m.p. 240-260° (decomp.). Recrystallization 
of the sodium salt raised the melting point to 260-265° 
(decomp.), and this was depressed by 30° on admixture 
with viridicatin. A sample was dried at 80°/10-? mm. 
for 3 hr. (Found: Na, 8-9, 9-2. C,;H,gO.NNa requires Na, 
8-9%.) 

Viridicatin p-phenylphenacyl ether. A mixture of the 
sodium salt of viridicatin (0-19 g.), m.p. 255-265° (decomp.) 
and p-phenylphenacyl bromide (0-1 g.), was suspended in 
water (1-5 ml.) and ethanol (2-5 ml.) was added. The mixture 
was heated under reflux for 1 hr. and was cooled to 0° over- 
night. The solid, which separated as slightly yellow micro- 
crystalline prisms (0-092 g.), m.p. 218-224°, was recrystal- 
lized from ethyl acetate-ethanol, from which viridicatin 
p-phenylphenacyl ether separated as colourless prisms, m.p. 
225-230°, unaltered on repeated recrystallization. A sample 
was dried at 80°/10-? mm. for 1 hr. over P,O;. (Found: 
C, 80-6, 80-8; H, 4-9, 5-0; N, 3-5. CygH,,03N requires C, 80-7; 
H, 4-9; N, 3-2%.) 

Viridicatin methyl ether. A suspension of viridicatin 
(0-3 g.) in 5 ml. 3N-NaOH was warmed on a steam bath for 
5min. The sodium salt was collected from the cooled 
solution and was washed with ice-cold ethanol (5 ml.) and 
dried (0-3 g.). The salt was dissolved in water (10 ml.) and 
excess of ayueous AgNO, was added. The yellow silver salt 
which separated was collected, washed with water and dried. 
It was then suspended in a solution of CH,I (1 ml.) in 
ethanol (15 ml.) and the mixture was refluxed for 30 min. 
The reaction mixture was filtered free from AgI and excess 
CH,I and ethanol were removed in vacuo to yield the crude 
methyl ether (0-2 g.), m.p. 130—230°, as an almost colourless 
amorphous solid. The product was crystallized from meth- 
anol-water from which it separated as rods (0-05 g.), m.p. 
225-235°, and recrystallization from acetone yielded rods, 
m.p. 239°. A sample was dried at 80°/10-? mm. for 2 hr. 
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over P,O;. (Found: C, 77-0, 76-6; H, 5-2, 5-1; OMe, 11-5. 
C,;H,,ON . OCH; requires C, 76-5; H, 5-2; OMe, 12-3%.) 

Dibromoviridicatin. Viridicatin (0-05 g.) was dissolved in 
glacial acetic acid (5 ml.) and excess Br, (about 0-2 g.) was 
added. The solution was left overnight at room temperature 
and was then warmed on a steam bath and concentrated 
(2 ml.). The microcrystalline material which separated from 
the cooled solution was collected (0-03 g.; m.p. 300-320°), 
and recrystallized from aqueous ethanol from which the 
dibromo compound separated as needles, m.p. 325-330°. 
A sample was dried at 80°/10-* mm. for 3 hr. over P,O;. 
(Found: C, 48-2; H, 2-6; N, 3-9; Br, 40-5. C,;H,ONBr, 
requires C, 47-5; H, 2-4; N, 3-7; Br, 42-2%.) 

Chloroviridicatin. A solution of viridicatin (0-15 g.) in 
acid-free SOCI, (3 ml.) was heated under reflux on a water 
bath for 5 hr. Removal of SOCI, under reduced pressure 
yielded a yellow gum which solidified on washing with 
ethanol. The product was suspended in ethanol (4 ml.) and 
warmed under reflux. The material which did not dissolve 
was separated and crystallized from glacial acetic acid to 
yield chloroviridicatin as colourless needles (0-02 g.), m.p. 
308-312°. This material was sublimed at 200°/10-? mm. to 
yield a crystalline product, m.p. 310-312°. (Found: C, 70-9; 
H, 4-2. C,;H,,ONCI requires C, 70-5; H, 3-9%.) 

Oxyviridicatin. A suspension of viridicatin (0-15 g.) in 
2 ml. 2N-HNO, was warmed on a water bath at 70° for 
10 min. The temperature was then raised to 85° over a 
period of 30 min. and the solution became yellow as the 
viridicatin dissolved with the deposition of an amorphous 
yellow solid. The solution was cooled and the product was 
collected (0-13 g.; m.p. 140-180° (decomp.)), and dissolved 
in acetone leaving a residue (0-02 g.) of viridicatin. Evapor- 
ation of the acetone and recrystallization from aqueous 
ethanol yielded oxyviridicatin as small clustered yellow 
prisms, m.p. 178-179° (decomp.). The product was dried at 
80°/10-? mm. for 1 hr. (Found: C, 70-7; H, 4-4; N, 5-5; 
active H, 1-4, 1-5; C,;H,,0O,N requires C, 71-1; H, 4-4; N, 5-5; 
3 active H, 1-2%.) 


SUMMARY 


1. The air-dried mycelium of Penicillium viri- 
dicatum (strain F..22 of the Departmental collection) 
has been shown to contain a hitherto undescribed 
compound (viridicatin) and mannitol. 

2. Subsequent experiments after some years with 
the same strain of P. viridicatum gave very poor 
yields of viridicatin. Two other strains failed to give 
viridicatin in a variety of media. 

3. Viridicatin has been shown to have the mole- 
cular formula C,;H,,0,N, in which one oxygen atom 
is present as a phenolic hydroxyl group, whilst the 
other may be present in a cyclic amide. The mole- 
cule is of a polycyclic aromatic nature. 

4. Seven derivatives of viridicatin are described, 
but insufficient material was available for degra- 
dation work. 

5. Viridicatin showed slight antibiotic activity 
against Mycobacterium tuberculosis in vitro. 


The authors wish to express their thanks to Mr H. B. 
Colquhoun for his assistance in the preparation of viridicatin. 
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Separation of Tea Polyphenols on Paper Chromatograms 


By E. A. H. ROBERTS* anp D. J. WOOD 
Tocklai Experimental Station, Indian Tea Association, Cinnamara, Assam, India 


(Received 28 June 1952) 


Previous work on the chromatography of tea poly- 
phenols (Roberts & Wood, 1951la) was carried out 
with phenol and n-butanol-acetic acid as the sol- 
vents. It has now been shown that water is also a 
useful solvent for the separation of polyphenols on a 
paper chromatogram. In particular, results have 
been obtained which are most simply interpreted 
by assuming that the water effects a separation of 
optical antipodes of catechins and gallocatechins, 
thus enabling a provisional decision to be made as to 
which of the various optically active forms of these 
substances occur naturally in the tea leaf. The use of 
water as a solvent in paper chromatography also 
differentiates between aglycones and glycosides in 
the flavonol group. 

A preliminary account of this work has already 
been presented (Roberts & Wood, 19515). 


METHODS AND MATERIALS 


Chromatographic technique. This is as described by 
Roberts & Wood (195la). Two-way chromatograms are 
carried out using water as the first solvent, and the n- 
butanol-acetic acid mixture, previously described, as the 
second solvent. Such a chromatogram will be referred to as 
a two-way water chromatogram. Ferric alum (0-2%, w/v) 
and ammoniacal AgNO, (equal volumes of 0-1 n-AgNO, and 
5N-NH, aq.) are used as sprays for the detection of poly- 
phenols. Chlorogenic acid is detected by spraying first with 
1% (w/v) NaNO, dissolved in 10% acetic acid (v/v), and 
then with n-NaOH (Roberts & Wood, 1951c). Exposure of 
the dry paper, before spraying, to NH, vapour shows up 
anthoxanthins and chlorogenic acid as yellow patches. 

* Present address: Indian Tea Association, Chemical 
Laboratory, Butler’s Wharf, Lafone Street, London, S.E. 1. 


Polyphenols. (+)-Gallocatechin, (-— )-epigallocatechin 
and (—)-epicatechin were samples obtained from Dr A. E. 
Bradfield. Quercitrin was obtained from Prof. W. Baker, 
rutin from Dr J. F. Crouch and myricetin from Prof. T. R. 
Seshadri. 

The (+)-catechin was Merck’s commercial product. Its 
aqueous solution was rather dark in colour which made 
polarimetry difficult, but [«]?°° was found to be +16-1° in 
acetone-water (50%, v/v), which leaves little doubt that it is 
( +)-catechin. 

Quercetin was prepared from rutin by hydrolysis with 
0-1% (v/v) HCl for 4 hr., and butin from the blooms of 
Butea frondosa by the method of Rupe & Schaerer (1932). 

A dilute solution of ( + )-gallocatechin was obtained from 
tea-leaf juice by the following procedure. A close row of spots 
of tea-leaf juice was applied along the starting line of a 
chromatogram. After development with n-butanol-acetic 
acid, the (+)-gallocatechin band was located by spraying 
guide strips. Transverse strips of the paper, containing the 
(+)-gallocatechin, were then eluted with ethyl acetate 
saturated with water. The solvent was removed in vacuo and 
the residue taken up in water. 

A dilute solution containing gallocatechin-a gallate and 
catechin-a gallate was obtained by a similar procedure from 
reconstituted juice autoclaved at 130° for 1 hr. (Roberts & 
Wood, 195la). The solvent used for development in this 
case was water. 

Tannase. This was prepared from Aspergillus niger 
according to Freudenberg (1933). In later experiments a 
culture of A. niger M, obtained from Long Ashton Research 
Station, was used. 


RESULTS 


A typical two-way water chromatogram is illus- 
trated in Fig. 1, which shows the pattern of spots for 
polyphenols from clone 14/3/32. This source is 
chosen as it contains naturally occurring gallo- 
catechin-a gallate. Catechin-a gallate, if present, 
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would have occupied a position immediately below 
the spot for gallocatechin-a gallate. 

Identifications of the spots on the chromatogram 
were carried out as in our earlier communication 
(Roberts & Wood, 1951la). 

Gallocatechin-a gallate and catechin-a gallate 
have R, values in water very little greater than 
zero, and are readily separated from the corre- 
sponding galloyl esters of (— )-epigallocatechin and 
(—)-epicatechin. Spot 1, provisionally, but prob- 
ably erroneously, associated with m-digallic acid, 
has a much higher R, in water than (-— )-epigallo- 
eatechin so that overlapping of these two sub- 
stances does not occur, as when phenol is the first 
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Fig. 1. Chromatogram of tea-leaf juice (clone 14/3/32), 
showing position of major polyphenolic components. The 
chromatogram was run first from left to right with water 
as solvent, and then downwards with n-butanol-acetic 
acid. Ry, values with water are approximate only. 
Anthoxanthins detected by NH, vapour, other poly- 
phenols by ammoniacal AgNO,. Key to polyphenols 
(provisional identifications): (1) unknown, previously 
provisionally identified as m-digallic acid, (2) (—)- 
epigallocatechin, (3) (+)-gallocatechin, (4) gallic acid, 
(5) gallocatechin-a gallate ((+)-gallocatechin gallate in 
this source?), (6) (—)-epigallocatechin gallate, (8) (—)- 
epicatechin gallate, (9) (+)-catechin, (10) (-—)-epi- 
catechin. Anthoxanthins etc. shown by dotted lines, 
(A 4) rutin, (A 11) quercitrin, (A 8) chlorogenic acid, other 
spots unidentified as yet. 


solvent. Gallic acid also has a high R, in water 
which separates it well from (—)-epigallocatechin 
gallate, although with one batch of paper it over- 
lapped (+)-catechin. Apart from this one incon- 
sistency, the positions assumed by polyphenols on 
two-way water chromatograms have proved to be 
reproducible. 


Effect of heat on polyphenol solutions 


It was shown by Roberts & Wood (1951a) that 
heating 


solutions containing tea polyphenols 
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resulted in partial epimerization of catechins and 
gallocatechins. These changes may also be demon- 
strated on two-way water chromatograms. On 
autoclaving fresh leaf juice for 1 hr. at 130°, or 
refluxing for 2 hr., there is a marked decrease in the 
intensities of the spots associated with (—)- 
epigallocatechin gallate and (—)-epicatechin gal- 
late, while spots corresponding with gallocatechin-a 
gallate and catechin-a gallate make their appear- 
ance. This confirms earlier findings. Spots associ- 
ated with (— )-epigallocatechin and (— )-epicatechin 


Re (water) 
0-2 03 


Re (butanol-acetic acid) 





Fig. 2. Portion of chromatogram showing positions of 
flavanols not occurring naturally but produced on heating 
tea-leaf juice. Conditions of chromatography as in Fig. 1. 
Key to new flavanols produced on epimerization, (2A) 
(+)-epigallocatechin, (3A) (-—)-gallocatechin, (9A) 
( —)-catechin, (10. A) ( +)-epicatechin (provisional identi- 
fications). The arrows indicate the direction of epimeric 
changes which take place on heating the solutions. 


also decrease in intensity, but instead of a corre- 
sponding increase in the intensity of spots 3 and 9, 
two new spots (3A and 9A on Fig. 2) appear. 
Spots 3 and 9 also show a slight decrease, and if the 
autoclaving is carried out at 140° these decreases 
become more marked and two further new spots, 
2A and 10A, make their appearance. These four 
new spots are never found in freshly expressed 
juice, nor can they be detected in autoclaved juice 
when phenol takes the place of water as the first 
solvent for chromatography. 

Following the above observations it was noted 
that (+ )-gallocatechin gives two spots, 3 and 34, 
on a two-way water chromatogram, but gives a 
single spot only when phenol is the first solvent. 
This not only indicates that the spots 3 and 3A are 
to be identified as (+ )- and (—)-gallocatechin, but 
also suggests that the other pairs of spots, 2 and 24, 
etc., represent pairs of optical antipodes. 











Epimerization of individual catechins 


A solution of (—)-epicatechin (1 mg./ml.) was 
autoclaved at 130° for lhr. Its two-way water 
chromatogram then showed the new spot 9A in 
addition to spot 10, corresponding with unchanged 
(—)-epicatechin ; spot 9 was not observed. Accord- 
ing to Freudenberg & Purrmann (1924) the main 
transformation product obtained from (—)-epi- 
catechin under these conditions is (— )-catechin, 
although a certain amount of racemization also 
occurs. As the identity of (—)-epicatechin is 
beyond reasonable doubt (Bradfield & Penney, 
1948), it follows that spot 9A is probably to be 
identified with (— )-catechin. 

In order to epimerize (+ )-catechin a procedure 
similar to that described by Freudenberg (1933) was 
carried out. (+)-Catechin (5g.) and potassium 
bicarbonate (15 mg.) were dissolved in water 
(15 ml.) and autoclaved at 130° for 6 hr. The mass of 
crystals which separated on cooling was dissolved in 
hot water (12-5ml.). On cooling, this solution 
commenced to crystallize after standing 30 min.; 
5 min. later it was filtered. The filtrate, which con- 
tinued to crystallize, was again filtered after 1 hr., 
and the second filtrate allowed to stand overnight 
when a third crop of crystals was obtained. In 
confirmation of Freudenberg’s findings, chromato- 
grams of the first two fractions showed them to 
consist essentially of unchanged (+ )-catechin. The 
chromatogram of the third fraction showed the new 
spot 10A in addition to unchanged (+ )-catechin. 
Addition of (— )-epicatechin as a marker gave a well- 
defined spot (10), which was clearly separated from 
spot 10A. As the main transformation product of 
(+)-catechin under the above conditions is (+)- 
epicatechin (Freudenberg & Purrmann, 1924), it 
seems probable that this substance is responsible for 
spot 10A. 

Epimeric changes in the gallocatechins do not 
appear to have been investigated. The results pre- 
sented below suggest that the gallocatechins behave 
in a similar manner to the corresponding catechins. 

After autoclaving a solution in water of (—)- 
epigallocatechin (1 mg./ml.) at 130° for 1 hr., the 
two-way water chromatogram shows two spots, one 
of which is associated with unchanged material, 
while the other, 3A, by analogy with the transfor- 
mation of (—)-epicatechin, is probably due to (—)- 
gallocatechin. 

The dilute solution of gallocatechin, isolated 
chromatographically from juice, 
gives a single spot (3) on a two-way water chromato- 
gram. As (—)-gallocatechin appears to be respon- 
sible for spot 3A, and ( + )-gallocatechin gives spots 
3 and 34, it follows that spot 3 is probably due to 
(+ )-gallocatechin. If the gallocatechin solution is 
autoclaved at 130° for 2hr. its two-way water 


reconstituted 
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chromatogram shows spots 3 and 2A. This may be 
taken as evidence for the identification of spot 2A 
with (+ )-epigallocatechin. 


Gallocatechin-a gallate 


A solution containing gallocatechin-a gallate and 
small amounts of catechin-a gallate was incubated 
with tannase for 12 days. A two-way water 
chromatogram then showed a spot corresponding 
with gallic acid, a fairly strong spot 3A, and a much 
weaker spot 9A. The results of hydrolysis with 
tannase therefore suggest the identification of these 
substances as the galloyl esters of (— )-gallocatechin 
and (— )-catechin respectively. 


Anthoxanthins and chlorogenic acid 


Two-way water chromatograms of tea-leaf juice 
reveal a number of yellow spots when the dried 
paper is exposed to ammonia vapour. Of these 
A4 and A111 are probably due to rutin and quer- 
citrin respectively, as addition of these flavonols to 
the juice intensifies these spots. Spots A 1, A 2, A6, 
A7 and A8 also correspond with spots of the same 
number on chromatograms run first with phenol 
(Roberts & Wood, 1951a). These spots are all shown 
on Fig. 1; other spots are also observed, but, as they 
have not been identified with the corresponding 
spots on the phenol and n-butanol-acetic acid 
chromatograms, are omitted from Fig. 1. 

Spots A6, 47 and A8 differ from the others in 
having higher R, values in water. They all give a 
pink colour reaction on spraying with nitrous acid 
followed by sodium hydroxide, and spot A8 is 
intensified if chlorogenic acid is added to the juice. 
Spot A8 is therefore probably due to chlorogenic 
acid (Roberts & Wood, 1951c), and spots A 6and A7 
may be related substances. 

Butin, myricetin and quercetin all have zero R, 
in water. If this behaviour of aglycones is general, 
it appears likely that none of the anthoxanthins of 
tea leaf is an aglycone, as all spots giving a yellow 
colour with ammonia vapour on tea-leaf juice 
chromatograms so far observed, have R, values in 
water significantly greater than zero. Confirming 
this it is found that all anthoxanthin spots on the 
chromatogram disappear if the juice is first hydro- 
lysed with n-hydrochloric acid for 2 hr. at 100°. As 
a result of this hydrolysis other anthoxanthin spots 
appear on the chromatogram, one of which appears 
to be quercetin and possibly originates from rutin. 

The zero R, values for aglycones afford a ready 
method of distinguishing them from their glyco- 
sides. A rapid way of carrying out such a test is to 
deliver a few pl. of an anthoxanthin solution on to 
filter paper so as to give a spot about 1-5 cm. in 
diameter. On drying the paper and exposing to 
ammonia vapour, the whole spot assumes a yellow 
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colour if the anthoxanthin is a glycoside. With an 
aglycone the yellow colour is much more intense and 
confined to a small circle a few mm. in diameter. 


DISCUSSION 


The use of water as a solvent in paper chromato- 
graphy is of some theoretical interest, as the separa- 
tions achieved are apparently due to adsorption 
rather than to partition effects. Many polyphenols 
are quite strongly adsorbed on filter paper, and such 
adsorption probably affects the R, values when 
solvents other than water are used for chromato- 
graphy. 

It has not yet been possible to study the be- 
haviour of a large number of polyphenols on paper 
chromatograms with water as a solvent, so that 
conclusions must remain tentative, but certain 
tendencies seem to emerge. A low R,, that is a 
ready adsorption by filter paper, is most marked in 
substances with a flavonoid structure. Flavanols 
(catechins) are somewhat less strongly adsorbed 
than the flavonols and the one flavanone investi- 
gated, provided that these latter are not glycosidic. 

Spots 10 and 10A have been provisionally 
identified as (— )- and (+ )-epicatechin respectively. 
The other pairs, 9 and 9A, 2 and 2A, and 3 and 34, 
have also been identified provisionally as pairs of 
optical antipodes. If these identifications are 
confirmed, it follows that a separation of optical 
antipodes on a paper chromatogram has been 
achieved. The cellulose may be considered as an 
optically active adsorbent and, in adsorption 
chromatography, such separations are theoretically 
possible. 


Table 1. Provisional identification of polyphenols 
on chromatograms 


Spot no. Polyphenol 
1 Unknown, previously provisionally identified 
as m-digallic acid 
2 ( — )-Epigallocatechin 
2A  (+)-Epigallocatechin 
3 ( + )-Gallocatechin 
3A ( — )-Gallocatechin 
+ Gallic acid 
5 (+)- or (—)-Gallocatechin gallate 
6 ( - )-Epigallocatechin gallate 
7 ( +)- or (—)-Catechin gallate 
8 ( -—)-Epicatechin gallate 
9 (+)-Catechin 
9A ( — )-Catechin 
10 ( — )-Epicatechin 


10.A ( + )-Epicatechin 
A4  Rutin 
A8  Chlorogenic acid 
All Quercitrin 


The naturally occurring flavanols in tea leaf are 
associated with spots 2, 3, 9 and 10. Accepting it 
as established that (—)-epigallocatechin and (—)- 
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epicatechin occur naturally (Bradfield, Penney & 
Wright, 1947; Bradfield & Penney, 1948; Bradfield 
& Bate-Smith, 1950), it appears probable that (+ )- 
gallocatechin and (+ )-catechin also occur naturally. 
The isolation of ( + )-gallocatechin and ( + )-catechin 
from green tea extracts (Bradfield et al. 1947; 
Bradfield & Penney, 1948) is probably due to the 
relative ease of the transformations 


(—)-epicatechin -> (— )-catechin, 
(—)-epigallocatechin — (— )-gallocatechin, 


which may be expected to take place during the 
working up of the extracts. Admixture of the 
naturally occurring (+)-catechin and (+ )-gallo- 
catechin with the corresponding (-— )-isomers, 
produced as a result of these transformations, is 
likely to lead to solutions from which the racemic 
forms would separate. 

It is much more difficult to effect the transforma- 
tions 


(+ )-catechin > (+ )-epicatechin, 
(+ )-gallocatechin — (+ )-epigallocatechin, 


and if such transformations do occur during the 
working up of the extracts, the resultant products 
are present in amounts too small to be detected 
chromatographically. 

Owing to the low R, in water of gallocatechin-a 
gallate resolution of its optical antipodes on a 
paper chromatogram is not to be expected. The 
effect of hydrolysis with tannase, however, suggests 
that the gallocatechin-a gallate, produced from 
(—)-epigallocatechin gallate on heating a tea in- 
fusion, is (—)-gallocatechin gallate. It probably 
therefore originates by simple epimeric change. 
Although the artifact is probably (— )-gallocatechin 
gallate, the naturally occurring gallocatechin-a 
gallate found in leaf of clone 14/3/32 may differ in 
structure, and there is some evidence (unpublished 
observations) which suggests that it may be (+)- 
gallocatechin gallate. 

Identifications of spots 2, 4, 6, 8, 9 and 10 on the 
chromatograms have been carried out with duly 
authenticated specimens of the corresponding poly- 
phenols. The pair of spots 3 and 3A has been 
similarly identified with (+ )-gallocatechin. Such 
identifications may be accepted with the usual 
reservations made in such cases. So far we have not 
had access to such flavanols as (— )-catechin and ( + )- 
epicatechin which do not occur naturally, or their 
gallocatechin analogues, so that identifications of 
spots 2A, 3A, 9A and 10A must be considered 
tentative only. The identification of spots 2A and 
3 also rests on the assumption that gallocatechins 
epimerize in the same way as the catechins. Finally, 
the suggestions made as to the identity of spots 5 
and 7 are provisional only and require much further 
investigation. 
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SUMMARY 


1. Water may be used as the mobile solvent in the 
paper chromatography of tea polyphenols. With 
water a separation of the optical antipodes of 
eatechin, epicatechin, gallocatechin and epigallo- 
catechin appears to be achieved. 

2. It is provisionally concluded that (+)- 
eatechin and (+ )-gallocatechin occur naturally in 
the tea leaf, and that isolation of the corresponding 
(+) compounds is due to partial epimerizations of 
(—)-epicatechin and (—)-epigallocatechin during 
extraction. 
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3. Gallocatechin-a gallate is provisionally identi- 
fied as (—)-gallocatechin gallate, originating from 
(—)-epigallocatechin gallate by epimerization. 

4. Chlorogenic acid occurs in tea leaf. 

5. Aglycones of flavonols have zero R, in water, 
and may thus be distinguished from their glyco- 
sides. 
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